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To Pat Connors 


Preface 


Many books on chemical kinctics have been. published, but few of these are devoted. 
solely or even primarily to solution phase chemical kinctics. Textbooks of physical 
organic chemistry must deal with solution chernistry, but kinetics is only one part 
of their subject. From my teaching experience I bave concluded thet there i 
current text that meets the needs, as 1 interpret them, of the student and practitioner 
of solution chemical kinetics. 

Му goal in this book has been to achieve a useful balance of phenomenology, 
physical theory, and empiricism. This is a textbook, not n reseurch monograph, 
and this distinction accounts for the style und level of the treatment. 1 have tried 
to provide the reuder with the knowledge to go into the laboratory and make the 
basic kinds of kinetic measurements and to go into the library prepared to interpret 
the more specialized information and arguments to be found in research papers and 
Monographs. Citations to the literature are intended to be consistent with these 
aims, with the additional purposes of crediting innovators and directing the reader 
to interesting douelapmentc, examples, exceptions, or complications. 

After an introductory chapter, phenomenological kinetics is treated in Chapters 
2,3, and 4. The theory of chemical kinetics, in the form most applicable to solution 
studics, is described in Chapter 5 und is used in subsequent chapters. The treatments 
‘of mechanistic interpretations of the transition state theory, structure—reuctivily 
relationships, and solvent effects are morc extensive than is usual in an introductory 
textbook. The book couM serve as the basis ОГ a onc-seuicster vourse, and 1 hope 
that it also may be found useful for self-instruction. 

My views on this subject obviously have been influenced by the literature of the 
field, and my citations to this hterature can serve as acknowledgment of this debt; 
less obviously my views have also been influenced by teachers, colleagues, and 
students, to whom I express my thanks. Where 1 have strayed, intentionally or in 
error, trom accepted interpretations, I accept responsibility and hope that students 
may be led to think independently by such deviant notions 

Some material in Chapter 4 first appeared in my books A Textbook of Pharma- 
ceutical Analysis (31d edition, 1982) and Binding Constants: The Measurement of 
Molecular Complex Stability (1987), both published by Wiley-Interscience. This 
material is used here with the kind permission af John Wiley & Sons. Inc. 











Kenneth A. Connors 
Madison, Wisconsin 
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CHAPTER 1 


Introduction to Chemical Kinetics 





1.1 THE FIELD OF CHEMICAL KINETICS 


Time as a Variable 


Chemistry can be divided (sernewhat arbitrarily) into the study of structures, equi- 
Бъни, und raten. Chemical structure ic ultimately deccrihed hy the methods of 
quantum mechanics: equilibrium phenomena are studied by statistical mechanics 
and thermodynamics, und the study of rates constitutes the subject of kinetics. 
Kinetics сап be subdivided into physica! kinetics, бешп, with physical phenomena 
such as diffusion and viscosity, and chemical kinetics, which deals with the rates 
of chemical reactions (including both covalent and noncovelent bond changes). 
Students of thermodynamics learn that quantities such as changes in enthalpy and 
entropy depend only upon the initial and final states of a system: consequently 
thermodynamics cannot yield any information about intervening states of the system. 
It is precisely these intermediate states that constitute the subject matter of chemical 
kinctics. A thorough study of uny chemical reaction must therefore include struc- 
tural, equilibrium, und Kinetic investigations. 

The properties of a system at equilibrium do not change with time, and time 
therefore is not a thermodynamic variable. An unconstrained system not in its 
eqnilibrinm state spontaneously changes with time, so experimental and theoretical 
studies of these changes involve time as a variable. The presence of time as n Гилиг 
in chemical kinetics adds both interest and difficulty 10 this branch of chemistry. 

Although time as a physical or philosophical concept is an extremely subtle 
quantity, in chemical kinetics we adopt a fairly primitive notion of time as a linear. 
fourth dimension (the first three being spatial dimensions) whose initial value (1 = 
О) can be set by the experimenter (for exumple, by mixing two reactant solutions) 
and whose extent is accurately measurable in standard units. The time dimension 
persists as a variable until the experimenter stops observing the reaction, or until 
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"infinity time” (r = о), which is taken to mean the time at which the reaction is 
“essentially complete. 


Uses of Chemical Kinetics 


What happens in a chemical reaction during the period between the initial (reactant) 
state and the final (product) state? An answer to this question constitutes a description 
оГ the mechanism of the reaction. The study of reaction mechanisms is a major. 
application of chemical kinetics, and most of this book is devoted to this application; 
an introduction is given in Section 1.2. 

Kinetics can also he applied tu t optimization of process conditions, as in 
organic syntheses, analytical reactions, and chemical manufacturing. This last ex- 
ample constitutes an important spect of chemical engineering. Yet another practical 
use of chemical kinetics Is Tor the determination and comuol or she stability uf 
commercial products such as pharmaceutical dosage forms, foods, paints, and 
metals. 

‘Some further uses of kinetics, less sweeping in their scope than the preceding 
applications, are for the testing of rate theories; the measurement of equilibrium 
constants; the analysis of solutions, including mixtures of solutes; and the mea- 
surement of solvent properties that depend upon mtes. Some of these applications 
are treated Jeter in the book. 





Literature of the Field 


‘The primary literature of chemical kinetics, like that of any other branch of science, 
is composed of research articles, which in this field are to be found in periodicals 
devoted to chemistry and related fields such as biochemistry, pharmacy, chemical 
engineering, and physics. As sources of instruction und reference, however, the 
secondary literature, consisting of textbooks, review articles, and monographs, is 
of more immediate value. This literature can be roughly divided into two groups: 
the members of one of these, well represented by References 1—16, are primarily 
directed to the physical chemist, being parucularly strong in reaction rate theories, 
gas phase kinetics, and related fundamental matters. The second group is mainly 
‘concerned with kinetics as a means to study reaction mechanisms, and these sources 
arc dominated by the outlook of physical organic chemistry; References 17-34 cite 
many of these Luuks. (Of course this division into two groups is not ulways clear 
cut.) There arc, in addition, volumes in continuing series ^ and collections of kinetic 
data 

The student should not reject a book without consideration simply because it was 
published onc or two decades ape If it was а gond book when it was published. 
it remains a good book. Of course, the reader of any scientific work must be aware 
of its publication date so 2s to place it in the context of current knowledge. One 
of the advantages of earlier books, especially in quantitative or theoretical subjects, 
is that their authors tend to give more expansive and detailed treatments than do 
later writers, and beginners in a field may benefit from the fuller description. 
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1.2 THE STUDY OF REACTION MECHANISMS 
The Definition of Reaction Mechanism 


Consider the following hypothetical one-step reaction: 


AB + СА + BC 


"The components on the left side we consider the initial state or reactant state; those 
оп the right side are the final state or product state. There are many reactions of 
this general type, und it is а matter of experience that the reactants are not instantly 
transformed into the products; that is, the reactants display some relative measure 
of stability. This resistance to chemical reaction arises because energy is required 
to pass from the initial to the final state. We imagine that the reacting system follows 
а path defined by the energy of the system and that this path pastes through а 
maximum somewhere between the initial and final states. This position of maximum 
energy is culled the transition state of the reaction, and the difference in energy 
between the transition state and the initial state is the energy barrier to the reaction. 
Figure 1-1 illustrates this concept. 

А one-step reaction has a single transition state: such a process is called an 
elementary reaction, Many observed ("overall") chemical reactions consist of two 


: 








Tronsition 
state 


Energy of the system 





Final 
stole 











State of the system 


Figure Ll. Schematic диртип for a hypothetical өос-чер reaction. Оп this example the fial state 
ie ef lower energy thn the nil siate, but this seed not be эс) 
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Figure 1-2. Schematic diagram of à complex reaction composed ef twn elementery reactions, showing 
an intermediate species. 


ог more elementary reactions; such a combination of clementary reactions is a 
umplea (oe composite) recetion. Figure 12 seherutically diagrama a complex 
reaction composed! of two elementary reactions. The species characterized by the 
minimum in this curve is an unstable intermediate: it is not a transition state because 
it does not occur at a maximum on the reaction path. Alternatively, the int mediate 
can be viewed us the product of the first elementary reaction and also as the reactant 
of the second elementary reaction. (The concepts of energy barrier, reaction path, 
and transition stete will be sharpened and elaborated in Chapter 5.) 

‘A postulated reaction mechanism is a description of all contributing elementary 
reactions (we will call this the Kinetic scheme), as well as a description of structures. 
(electronic and chemical) and stereochemistry of the transition state for each ele- 
mentary reaction. (Note thal it is cutn ty meau by the term trunsition state both 
the region at the maximum in the energy path and the actual chemical species that 
exists at this point in the reaction.) 

We illustrate with the example of ester hydrolysis in alkaline solution. The overall 


reaction is 
RCOOR' + OH — RCOG + R'OH 


Much experimental study suggests that this reaction is complex. The essential steps 
are shown in the following kinetic scheme. 


RCOOR' + OH —I 


тә RCOOH + КО 
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A third reaction, a fast proton transfer, then generates the equilibrium concentrations 
of RCOO- and R'OH. In this kinetic scheme I represents an intermediate, whose 
structure is shown in this amplified. description: 


о o 
1 | 
R—C—OR' + OH = R—C—OR’ 


OH 


о о 
І 1 
R—C—OR' —> R—C—OH + R'O 


1 
он 





This description provides information, via conventional structures, about the con- 
stitution of reactants, products, and the intermediate. Transition state structures are 
more provisional and may attempt to show the electronic distribution and flow in 
this region of the recction path. The curved arrow symbolism is alten used, as 
shown in structure 1 for the first clementary reaction. 


А 
o 
ü 
R—C—OR’ 


Big 


\ 
OH 


1 


Another convention is to show bonus being furuci and biokan by dotted lines, as 
їп representation 2 nf the transition state for the second elementary reaction. 





оё 
| ЫЗ 
ROC Ee ORY 
| 
оп 
2 


A rough idea of the electronic distribution is conveyed by the requirements that the 
Partial charges must sum correctly and likewise for the partial bends. 
At а deeper level, the reaction mechanism requires а quanticanve treatment uf. 
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the energetics of the reaction path and a quantum mechanical description of the 
transition state structure 


Methods for Studying Mechanisms 


Because the rate of a reaction is related to the height of the energy barrier oa the 
reaction path, chemical kinetics is the preeminent experimental approach to the 
study of mechanism, Fut other kinds of intormation are also useful or even essential. 


1. Reactant and prenuct structures. Because the transition state structure is nor- 
mally different from but intermediate to those of the initial and final states, it 
is evident that the structures of the reactants and products should be known. 
Ont should, huwevsi, Uy awar of а possible source of misinterpretation. Sup 
pose the products generated in the reaction of kinetic interest undergo conversion, 
оп a time scale fast relative to the experimental manipulations, to thermody- 
патїсайу more stable substances; then the observed products will not be the 
actual products of the resction. In this case the products are said to be under 
thermodynamic control rather than kinetic control. A possible example has been 
given in the earlier description of the rcaction of hydroxide ion with ester, when 
it seems likely that the products are the carboxylic acid and the alkoxide ion, 
which. however, are transformed in accordance with the relative aciditics of 
carboxylic acids and alcohols into the isolated products of carboxylate salt and 
alcohol. 

2. Stereachemival course of the reaction. This kind of information was critical in 
the elucidation of the Syl and S42 pathways for nucleophilic substitution at 
saturated carbon. 

3. Presence and nature of intermediates, Demonstration of an intermediate shows 
that a reaction is complex. An intermediate may be sufficiently stable to isolate, 
but more commonly it can only be detected by physical means (such as some 
form of spectroscupic (ма vation) or by indirect chemical means (“trepping” it 
in a side reaction). Despite the instability of some intermediates, these are 
ordinary chemical species whose properties can, in principle at least, be deter- 
mined experimentally 

A. Isotopic substitution. A classic example is the demonstration by Polanyi and 
Szabo (37) of ncyl-oxygen fission in the alkaline hydrolysis of л-ату acetate. 
‘An ester could undergo cleavage at two locations, as indicated in 3. 


ер 
prog 
Cao po 
bog 
Ac Al 


R— 


3 
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The designation Ac signifies acyl-oxygen fission, whereas Alis alkyl-oxygen fission. 
When л-ату! alcohol was hydrolyzed in “O-enriched water, the "О appeared in 
the product acid rather than the alcohol, showing that ullyl-oxygen fission could 
not have occurred. Carpenter? gives many examples of isotopic studies. 


The Role of Kinetics 


The overall reaction stoichiometry having been established by conventional meth- 
ods, the first task of chemical kinetics is essentially the qualitative one of establishing 
the kinetic scheme; in other words, the overall reaction is to be decomposed into 
its elementary reactions. This is nnt a trivial problem, nor is there a general solution, 
to it. Much of Chapter 3 deals with this issue. At this point it is sufficient to note 
that evidence of the presence of an intermediete is often critical to an efficient 
solution. Modern analytical techniquee have greatly arrited in the detection of 
reactive intermediates.” A nice example is provided by a study of the pyridine- 
catalyzed hydrolysis of acetic anhydride.™ Other kinetic evidence supported the 
existence of an intermediate, presumably the acety pyridinium iun, in this reaction, 
but it had rot been detected directly. Fersht and Jencks” observed (on a time scale 
of tenths of a second) the rise and then fall in absorbance of a solution of acetic 
anhydride upon treatment with pyridine. "This requires that the overall reaction be 
composed of at least two steps, and the accepted kinetic scheme is as follows. 





P+ А0 =1' + OAc 
I* + H0 — HOAc + PH* 


where P represents pyridine, and structure 4 shows the postulated intermediate, I*. 


° 
| +f \ 
La M 


à 


In the process of establishing the kinetic scheme, the rate studies determine the 
effects of several possible variables, which may include the temperature, pressure, 
reactant concentrations. ionic strength, solvent, and surface effects. This part of 
the kinetic investigation constitutes the phenomenological description of the system. 

‘The next level seeks а molecular description, and kinetics again makes н con- 
tribution. As vill be seen in Chapter 5, the experimental kinetics provides infor- 
mation on both the energetics of the reaction (i.e, the height of the energy barrier 
оп the reaction path) and the atomic composition of the transition state. Any pro- 
posed mechunism must therefore be consistent with the kinetic evidence. 

Given the initial and final states of an elementary reaction, and therefore a 
thermodynamic description of the system, there exist a priori an infinite number of 
paths (i.c., mechanisms) from the initial to the final state. The cssentizl rele of. 
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Kinetics is to eliminate most of these possibilities and to suggest the most likely 
path. It is often stated that it is only possible to disprove a postulated mechanism; 
it is not possible to prove that a suggested mechanism is correct. The meaning uf 
this statement is that if a proposed mechanism is inconsistent with the kinetic data, 
the mechanism must be incorrect; whereas if it is consistent with the data, it may 
be correct. Other mechanisms, as yet unimagmed, may also be Consistent with tae 
data, or later experimental data may rule out the provisionally correct mechanism. 
We must accent this somewhat discouraging conclusion; let us view it as a challenge. 





Classification nf Mechanisms 


The broadest classification of reactions is into the categories of bctcrolytic and 
homolytic reustions. In homolytic {free vadiesl) reactions. hond cleavage. occurs 
with one electron remaining with each atom, as in 


Rx SR (x 


Heterolytic (ionic) reactions occer with both electrons remaining with one of the 
atoms. 


Rx SSSR +X 


A further classification is into the classes of substitutions (symbolized S), ad- 
ditions (Ad), and eliminations (E) 

A widely used system for specifying reaction type or mechanism was introduced 
by Ingold'® and has subsequently been modified. In most reactions two reactants 
are present, and it often is convenient to refer to une of these as the substrate and 
the other as the reagent, The distinction is arbitrary and conventional, but it leads 
toa further classification in terms of reagenttype. Reagents ure nucleophiles (nucleus 
lovers) if they possess an unshared electron pair and seek electron-deficient sites. 
Nucleophiles are either bases (in the Bronsted sense) or reducing agents, in a very 
general interpretation these classes arc practically synonymous, tar all such reagents 
function by donating clectrons, (However, it is conventional to reserve the term 
basicity to denote equilibrium affinity, usually toward the proton, whereas nucle 
philicity refers to kinetic reactivity, often toward carbon.) Electrophiles, which may 
be Lewis acids or oxidizing agents, sek sites vf Ligh electron density. Reagents 
may alsa be classified in terms of their hardness of sofiness. A bard acid is small, 
with high positive charge density and low polarizability. A soft acid is large and 
polarizable, A hard base has high electronegativity and low polarizability, whereas 
а soft base is easily polarizable. The hard and soft acil-huse (HSAR) concept has 
xen especially useful in understanding substitution reactions of metal ion coor- 
dination complexes 54 

Reaction types агг classified by specifying the class and the reagent type; thus 
a nucleophilic substitution (Sx) is a substitution reaction by a nucleophilic reagent, 
as in Eq. (1-1). 
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E + Саг СН + Br ваз) 


In this reaction F is the nucleophile, and Br- is called the leaving group (or 
nuclecfugc). Beyond this, the classification symbolism may include a designation 
of the molecularity of the reaction. Molecularity is the number af reactant molecules 
included in the transition otaio. The above reaction ie an 62 reaction, because both 
reactants are present in the transition state. On the other hand, this substitution 


OH + (CHs)SCCI— (CH3)SCOH + CI aa) 


is an Sy1 reaction; it is а two-step reaction, and in thc first step only the substrate, 
not the reagent, takes part. 

Equation (1-3) is an aromatic electrophilic substitution (Sr), the nitronium ion 
being the electrophile and the proton the leaving group (electrofuge). 





NO, 
e Nor â +H aa 
` 
Equation (1-4) is an Ade reaction. 
HCI + CH, — CH, — CH;CH&CE 0-4) 
[Although it is conceivable that the nucleophilic chloride ion initiates the attack, 
much experience supports the classification of (1-4) as an electrophilic reaction. Of 


course, if H* is the attacking electruphile, the double bond must be functioning 
аз a nucleophile.) Equation (1-5) shows an Ady reaction. 


° o 
I 1 
UN + CHUH ——> CIBCCH, e 
1 
CN 


Eliminations often take the form of Eq. (1-6). 





RCILCH;X > RCH = CH; + HX a 
These ieactiuus aue Пеп promoted by а strong base, which assists the departure 
of the proton. X` is the leaving group. Roth El and E2 mechanisms arc known, 
ак is a variant designated Elcb, for “unimolecular elimination from the conjugate 
base of the substrate.” 

Discussion of acid and ester reaction mechanisms is often carried out in terms 
of the classification in Table 1-1." This specifies the type of bond fission (Ac or 
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Taste 1-1, Chssificatiun of Ester Formation and Hydralysis. 











Type of fission 
Conjugate form Acyl мы 
Аса Аа Ам Бы) 
Anz Алм (union 
Buse Trl (unknown) Bul 15.) 
Ba? Bad (52) 





Al, as shown in structure 3), the molecularity (1 or 2), and the ionic form of the 
substrate [A for conjugate acid RC(OHJOR* and B for conjugate base RCOOR]. 
Note that alkyl-oxygen fission constitutes nucleophilic substitution and is therefore 
equivalent to the Sy classification: 

о 
ї | 


RCOLR + Y- — ROO + RY 


0 
АІ 


Guthrie! and Guthrie and Jencks‘? have proposed an alternative mechanistic 
symbolism that is capable of more detailed description than the Ingold system, 
although at the expense of greater compleaity. This system may be useful fur dre 
computer representation of reaction mechanisms. 





1.3 EXPERIMENTAL CHEMICAL KINETICS 


The Rate of Reaction 


Our interest is in solution kinetics, so we will concern ourselves only wath Aw- 
mogencous reactions, which lake place in a single phase. (Heterogeneous reactions. 
take place, at least in part, at interfaces between phases.) Further, we will mainly 
work with closed systems, those in which matter is neither gained nor Jost during 
the period of observation. 

Equation (1-7) is a general rcprcscntation of any balanced chemical reaction, 
where A, represents reactants and products, and v, is negative for reactants and 
positive for products. 


9 — E»A, (1-7) 


Let л, represent amount of substance i in moles. Then the extent of reaction & is 
defined by Eq. (1-8) 
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a = т 


& 





" aa) 
where nf is the amount of substance at a specified zero time. The rate of reaction 
is then d£/dt, or 
Z idn 
d wd a 


Jn solution kinetics we commonly work with systems at constant volume, and we 
find it convenient to employ molar concentration units. Dividing both sides of Eq. 
(1-9) by volume V gives 


ABV) _ A dey _ 
d wh 9 


where vis the rate of reaction per utitvolume"-P 13 and с, is the molar concentration 
of substance i. Usually v is itself referred to as the rats of reaction, reaction rate, 
or reaction velocity- 

Of course, it is true that the derivative ded is aleo a rate, but amissian of the 
stoichiometric coefficient v, may lead to ambiguity. Consider this reaction: 





А r 2D— 2r 
Applying Eq. (1-10) gives 
jm cae LESS 
dt 34d 





Obviously depldt = 2(den/dt), because for cach molecule of A that reacts, two 
molecules af R react, ко it is necessary fo include the stnichinmetric: coefficient or 
at least to specify clearly what definition of rate is being used. 

Note that the sign convention of v, ensures that the reaction rate is а positive 
quantity. 


Rate Equations and Stoichiometric Equations 


The rate of reaction nearly always depends upon reactant concentrations and (fer 
reversible reactions) product concentrations. The functional relationship between 
raten reaction and system concentrations (usually at constant temperature, pressure, 
and other environmental conditions) is called the rate equation. 

The interpretation of kinetic data is largely based on an empirical finding called 
the Law of Mass 4 : Jn dilute solution the rate of an elementary reaction is 
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proportional tn the concentrations of the reactants, raised to the powers of their 
stoichiometric coefficients, and is independent of other concentrations and reac- 
tions.*? Thus if the reaction 

A+B>Y+Z 
is elementary, its rate equation, according to the aw of mass action, is 

v= kenn 
Similarly, if the following reversible reaction is clementary, 
A=B 

fts rate equation Is 

v= Ис — М 
because the forward and reverse reactions independently must conform to the mass 
action requirement. Thus, for clementary reactions the rate equation can be inferred 
from the stoichiometric equation. 

IL is otherwise for complex reactions, for which the rate equation may or may 
not be simply related to the overall stoichiometric reaction. For example, the rate 
equation for the alkaline hydrolysis of ethyl acetate, which is а complex reaction 
(sec Section 1.2), 

CH,COOC;H, + OH“ — CH4COO- + C;H,OH 
has the rate equation 


v = ЩС1ЬСООС,НЮН ] 


(where brackets signify molar concentrations). On the other hand, the rate equation 
for the imidazole-catalyzed hydrolysis of cthyl acetate is 


v = KCH;COCC,E. Hlimidazole] 


although imidazole does not sppear in the balanced stoichiometric equation, which 
is 


CH;COOC;H, + H:O > CHCOOH + C;H.OH 


Another example is the reaction of aryldiazonium ions with nucleophiles in aqueous 
solution according to 


м-н ХАГ X + № 
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for which the rate equation is 





= HAr- №1 


We therefore conclude that for a complex reaction the rate equation cannot be 

inferred from the stoichiometric equation, but must be determined experimentally. 

Because we do not know a prion whether а reaction of interest is elementary or 

complex, we arc required in establish the form of all rate equations experimentally 
Note that a rate equation is a differential equation. 


Rate Constants end Reaction Orders 
Suppose an experimentally determined rate equation has the form 
Y 2 ACh. qa 


The proportionality constant & is called the rate constant (or rate cocfficient cr 
specific rate). ‘The rate constant is independent of the concentrations of A, В,..., 
but may depend upon environmental factors such as the temperature and solvent, 
and of course its magnitude depends on the particular reaction being studied. 

‘The power a is called the order of reaction with respect to reactant A, b is the 
order with respect to В, and the sum (a + Р + ...) is the overall order of the 
reactiun. Many rate equations are ef formo different from Eq. (1-11)—for example, 
concentration terms may appear in the denominator—and then the concept of re- 
action order is not applicable. 

‘The units of the rate constant depend upuu the uverall reaction order. 

їп Section 1.2 we distinguished between elementary and complex reactions. We 
now make a distinction between simple and complicated rate equations. A simple 
rate equation has the form of Eq. (1-11). A complicated rate equation hus а form 
different from Fq. (I-11); it may be a sum of terms like that in (1-11), or it may 
have quantities in the denominator. We have seen that there is no necessary rela- 
tionship between the complexity of the reaction and the form of the experimental 
тате equation. Simple rate equatiuns arc treated in Chapter 2 und complicated rate 
equations in Chapter 3. 

It is important to realize that a rate and а rate constant arc different quantities. 
However, for a simple rate equation, this interpretation can be given tc the гас 
constant: k іє the number of moles per liter reacting per unit time when all con- 
centrations are one molar. ‘This interpretation is the basis of the synonym specific 
rate for the rate constant. 





Temperature Dependence of Rate Constants 


The rates of most reactions are sensitive functions of temperature, und an under- 
standing of the molecular basis for this dependence is an essential goal in theoretical 
investigations of kinetics Experimentally it has been found that the rate constant 
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of a reaction can usually be related to the temperature by Eq. (1-12), which is 
called the Arrhenius equation 


k = Aet wy 


Te Eq. (1 12) 2 is tho geo constant and T is the abcolure temperature. The equation 
contains two parameters: A is called the preexponential factor and Е, is the exper- 
imental activation energy. А bas the units of the rate constant. E, is commonly 
capiossed in Kilucaluries ur kilojoules per mole, where 1 kJ = 4.184 kcal. Reactions 
in solution typically have E, values in the range of 10-30 kcal/mol. These values 
correspond to the rough rule of thumb that reaction rates increase by a factor of 2 
to 3 for each IUU rise m temperature. 
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PROBLEMS 


L. Classify these reagents as nucleophiles or electrophiles: Н“; OH"; H.0; OAc 
(acetate); CH;NH;; HPO}; AICI5; ООП. 

2. Sketch the reaction progress diagram for the pyridine-calalyeed hydrolysis of 
acetic anhydride. 

3. Postulate a transition state structure for the formation of the acetylpyrk 
ion from pyridine and acetic anhydride. 

4. Define the rate of this reaction (the oxidation of hydrogen peroxide by perman- 
ganat 


2KMnO, + 311,80, + 590, > 2MnSO, + 8Н.0 + 50, + K-50, 





jum 








5. Write the rate equation for Eq. (1-1), assuming that it is an elementary reaction. 

6. What are the units оГ first-order, second-order, and third-order rate constants? 

7. Calculate the табо of rate constants at 30°C and 20°C for a reaction whose 
activation energy is 20 kcal/mol. 

8. From the definition v = (1/V)(dé/dr) find the rate of reaction in terms of molar 
concentration for the casc in which the system volume V is not constant (Ref- 
crence 44). 








CHAPTER 2 


Simple Rate Equations 





In Chapter 1 we defined а rate equation of the form 





ь= кф. Qu) 
as a simple differential rate equation. The rate equation vf an elementary (single- 
step) reaction has the farm of Eq. (2-1). but even some complex (multistep) reactions 


may possess simple rate equations. Chapter 2 treats the experimental study of 
reactions whose kinctics are described by Eq. (2-1). 
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Zeio-Order Reactions 





Improbable а» a gcre-vider reaction may seem on the basis ef what has been said 
thus far. let us consider the possibility of this rate equation: 


de 


= k Q2) 





Integration between the limits of c = 
the integrated zero-order rate equation. 


when = Оапа с = суйеп? = г gives 


с= @- ы (2-3) 
‘Thus, a zero order reaction yields а linear plot of r vs. 2. the slope being equal to 


— k. It is evident that a zero-order rate constant has the units of a rate, for example, 
moles per liter-second (M $7). 
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First-Order Reactiunis 


Equation (2-4) is the stoichiometric equation for an elementary first-order reaction, 
and Eq. (2-2) is the corresponding differential rate equation, 


1 

А-2 д 
dey 

E 2-5 
PE 0-5) 


Separating the variables and integrating between the limits shown helow yields Eqs, 
(2-6), (2-7), and (2 8) as equivalent forms vf the integrated first-order rate ‘equation. 





юе 2 és 
Я 
ол 
28) 





For a firstorder reaction, therefore, a plot of In сд (or log с,) vs. ris linear, and 
the first-order rate constant con be obtained from the slope. A first-order rate constent 
has the dimersion time", the usual unit being second. 

The half-life i defined to be the time required for the reactant concentration to 
decay to one-half its initial value. To find ty for a first-order reaction we use Eq, 
(2.5) with the substitutions сл — «М2 and r — yy finding 


In2 0.693 
kk Ge» 





Note that ty, is independent of concentration for a first-order reaction. 

(Other irsetional lives could similarly be defined. For example, the life-time т 
is the time required for the concentration to decay to Ve its initial value; then we 
find + = Wk. The lifetime is the average time elapsed before a molecule reacts, | 
In pharmaceutics, a shelf-life ts is defined to be the time required for сд to reach 
the valuc 0.90 «2, giving io = 0. 1057k.7) 

Let us define п = tity, ка that іс the number of half lives clapscd. Cunbining, 
this definition with Eqs. (2-8) and (2-9) gives (2-10), which is a generalized form. 
of the first-order decay curve. 
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СА gaem Q0 


24 N ual time 
Figure 2-1 is a plot of Eq. (2-10) from m = Oton = 4 Nass елы n 
increments result in equal fractional decreases in reactant conc (өө 
ты haic «аА еееөвсв from 1.0 t» 0 SN: in the second halflife it decrease 
шы bal fif c 


i 025 10 0-125; and so on. This 
0.25; in tbc third half-life, from D. ads 6 
ни implicit inthe eater observation thata first-order half life s independent 


jon. К 
? Forse (2-4) we could atso write the rate equation in terms of the produci 


concentration as 
dey 
а 





P 2-11), 
In view of the mass balance relationship c = cA + cz, this leads to Eq. (2-10) 
which can also be obtained from Eq. (2-6). 
А 


^ at) = -k ол) 
СА 








i c decrezse in reactant concentration, 
define a reaction variable x as the a 
PEPE К (2-4) is equal to the increase in product concentration. Equation 
(2-11) is then often written as Eq. (2-12), where a = eX 


HE ex Qu» 
а 


10 | 
ү 


о» Pe | 


со 











спла 





[ 
5 T UE 3 4 


orcenttarion remaining 
Figure 2-1, Plot of Fa, (210), where «the fraction of mitia тапса concent: 


after the lapse of л half-lives- 





20 KENNETH A. CONNORS 
Second-Order Reactions 
‘Special Case 
For elementary reaction (2-13), 
H 
2А — product(s) (2-13) 


the differential rate equation is 





(2-14) 


(The stnichiometric сее бейти Э is cremmonly emitted from the cile expressian 
because there is only one reactant specics, so no ambiguity exists.) Separating the 
variables and integrating between the usual limits gives Eq. (2-15). 


11 
Ф (2-15) 
uo ‘ 
‘Therefore, for this type of second-order reaction, a plot of I/ca vs. гіз linear, with 
the slope equal to k. The usual units of a second-order rate constant are liters per 
mole-second (M s^). 

Equation (2-15) also is applicable to the reaction А + B — products in the 
special circumstance that c? = сй. which may often be arranged by thc experi- 
menter. 

Equation (2-15), which emerges from integration of Eq. (2-14), can be rearranged 
to the functional form c, = f(7) as in Eq. (2-16). 


e 


6^7 33 Rat 


(2-16) 


Equation (2-15) is one linearized form of Eq. (2-16); Eqs. (2-17) and (2-18) are 
alternative linear plotting forms. 


Qn 


& 
же 


(2-18) 





Usually the experimental error in the measurement of time is negligible relative to 
the error in concentration, and the choice of plotting form may be determined by 
this factor. Another consideration is thc cxtent of reaction that has been followed 
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experimentally. ‘These matters have been treated at length for analogous plotting 
functions in equilibrium binding studics.? Benson* recommends Eq. (2-17) (which 
corresponds to the Scatchard plot) Ls 

Dole? has rearranged Eq. (2-15) into Hy. (2-19). which is yet another linear 
plotting form. 


t i423 
ps 
Cho с & ч 





(2-19) 


Certain free radical polymerization data gave curves when plotted according to Eq. 
(2-15) but straight lines according to Eq. (2-19). This apparent paradox was resolved 
by postulating that some constant portion А of reactant is unreactive and serves t0 
diminish the effective reactant concentration, lowering itto ca — R. The appropriate 
form of Ед. (2-15) is then 





which leads to Eq. (2-20) as the form analogous to (2-19). 











1 : 1 
- жуа (2-20) 
d-o 4&- (h — RYE 
General Case 
Let Eq. (2-21) be an elementary reaction. 
A + B— productis) (221) 
The differential rate cquation will be 
ал 4 
аре э = kerc (2-22) 


For symbolic convenience we make use of the reaction variable x, which is the 
decrease in concentration of reactant А in timo 1. Because of the reaction stoichi- 
ometry, x is also the decrease in R concentration. The mass balance expressions 
ас 





22 KENNETH А. CONNORS 


so dxidt = асма — ъй. Letting a = (d amd & = (, Eq. (2-22) be- 
comes 





dx 
ue Macr (2-23) 
Separating variables gives 
ds a 
f ба Kb) fe^ XN 


This is a standard integral form; the result is Eq. (2-25), fora b. 





bia 


i"a 









2 kr Q-25) 


Equation (2-25) can also be written 


(с = 4) 
к= 








=(а-һи+ юр (2-26) 


showing that а plot of the left side against z should be a straight line Гог a secand- 


order reaction, when a + b. If the analytical method yields reactant concentrations 
rather than the quantity x, the equivalent form is 


(а-а nt 
In == (a au +1 ® 0-77) 
If & = ch, the treatment leading to Eq, (2-15) is applicable. 
Autocatalysis 
Consider this stoichiometric equation. 
Аз? + 
having the second-order rate equation 
E 2-28] 
a = tem (2-28) 


This is an autocatalytic reaction, in which a product of the reaction appears in the 


rate equation for the forward reaction. In this case the mass balance expressions 
are 


= сх 
С = + х 
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CA bp 658 0-29) 


Carrying through the integration as in the preceding second-order cxample gives 
Eq. (2-30), 


E 


Q-30 


F 


mi - (a + aya + 


e 


EX 


‘An explicit solution for cz is found by combining Eqs. (2-29) and (2-30) 


(s * 4) 


T a азр 
ES (в) е «Аф 


The concentration cz is а sigmoid function ("growth curvc") ef time.* Presumably 
some of product Z must be present at £ = 0 in order to initiate the reaction, 


Pseudo-Order Reactions 


‘Suppose a reaction hax this second-order rate equation: 
у = Rest (2:32) 


Now further suppose that cs is (by means discussed below) held essentially constant 
throughout the period of experimental observation; then the rate equation can be 
written as 


¥ = kostn 233) 


wlicte Kay — Ken. We say that the second-order reaction hns been transformed into 
a pseudo-first-order reaction. The rale constant A, is а pseudo-first-erder rate 
constant, sometimes symbolized kapp (for apperent first-order constant), or ky. If 
all reactant concentrations are held essentially constant, then а pseudo-zcio-vider. 
reaction is generated. 

‘This ability to reduce the reaction order by maintaining onc or more concentrations 
constant is a very valuable experimental tocl, for it often permits Ше sumplitication 
wf the reaction kinetics. Tt may oven allow a complicated rate equation to he 
transformed into a simple rate equation. 

There acc several ways to achieve the essential constancy of reactant concentra- 
tion. Taking Eq. (2-32) as an example, we might set c} >>> ch; then as the 
concentration of reactant A poes from ca = c to Ca = 0, the concentration св 
remains essentially constant at ch. For example, if ch = 100 c2, cg will decrease 
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ому 0.5% by rhe end of me first hall-life of the reaction and оту 1% at the 
completion of the reaction. With ordinary analytical methods, these changes are 
not significant. 

A second way to achieve constancy of а reactant is to make use of a butter 
system. If the reaction medium is waler and В is either the hydranium ion or the 
hydroxide ion, use of a pH buffer can hold ce reasonably constant, provided the 
buffer capacity is high enough to cope with acids or bases gencrated in the reaction, 
‘The constancy of the pH required depends upon the sensitivity uf the analytical 
method, the extent of reaction followed, and the accuracy desired in the rate constant 
determination. 

A third method, or phenomenon, capable of generating a pseudo reaction order 
is exemplified by a first-order solution reaction of а substance in the presence of 
its solid phase. Then if the dissolution rate of the solid is greater than the reaction 
rate of the dissolved solute, the solute concentration is maintained constant by the 
solubility equilibrium and the first-order reaction hecomes a peeudc-zero-order 
reaction. 

Af one of the reactants is the solvent, this reactant is present in large excess, so 
its kinetic participation will not be observed. Thus a bimolecular hydrolysis reaction 
commonly follows first-order kinetics. This example shows that the reaction order 
may not be equal to the reaction molecularity. 

Jencks? has emphasized a danger in thc technique of reducing the reaction order 
by using an excess concentration of one reactant. If this reactant contains an impurity 


that itself is very reactive, the impurity concentration may be sufficiently high to 
lead to spurious results trom the unsuspected reaction. 





2.2 DETERMINATION OF REACTION ORDER 


Use of Integrated Equations 


Rerause the integrated equations for the several integral orders of reaction display 
different functional dependences of concentration on time, plots of concentration— 
time data will usually yicld the reaction order if a sufficient extent of reaction has 
been studied. Figures 2-2, 2-3, and 2-4 show plots of simulated data according to 
Eq. (2-3) (zero-order), Eq. (2-6) (first-order), and Eq. (2-15) (second-order). It is 
obvious that this reaction conforms to the second-order rate equation. As suggested 
in Ше Гим sentence of this paragraph, a sufficient extent uf reaction must be studied 
to detect curvature if it exists. Over the first few percentage of reaction, plots 
according to any of these equations may appear to be substantially linear. 

An alternative to a graphical display тв t calculate the rate constant lor each 
data point using the integrated rate equation, secking constancy in the calculated 
values. 

A reaction order determined by plotting the integrated rate equation is sometimes 

Hed the order with respect го time;* this order has an unambiguous meaning only 
if the order is independent of time, which means thal the plotted function is linear. 
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Figure 222. Plot of Eq. (23) with simulated kinetic data. Evidently the reaction is not zero order. 


over the entire time of reaction. It is very common to observe that a plot according 
to one of these integrated rate equations is linear for much of the reaction, but 
shows a tendency іп curvature after the first two or three hall-Lives. Опе possible 
cause of such a deviation is a change in the environmental conditions, such as а 
shift in pH as the reaction proceeds. Another possibility is that a second reaction. 
is taking place; this may be a consecutive reaction in which a product of the lirst 
reaction undergoes further change. Whether or not such phenomena arc regarded 
в important and worth further investigation depends upon the particular system 
and the interests of the investigator. However, in reporting the results of kinetic 
studies the occurrence and extent of such deviations should be specified. 
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Figure 2-3. Plot of Ba. (2-6) with the same data shown in Fig. 2-2. The resctien ix mot fint-onder. 
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Figure24. Plo of Eq. (2-15) with the data used in Figs. 2-2 and 2-3. The reaction is seconc-urder. 


The Isolation and Pseudo-Order Techniques 


The isolation experimental design can be illustrated with the rate equation у = 
Kech, for which we wish to determine the reaction orders a and b. We can set 
cB >>> eh, thus establishing pseudo-ath-order kinetics, and determine а, for 
example. by use of the integrated rate equations, experimentally following c, as a 
function of time. By this technique we “isolate” reactant А for study. Having 
determined а, we may reverse the system ard isolate В by setting c% >>> ch and 
thus determine b. 

More commonly a combination of techniques is used as illustrated by the fol- 
lowing study. The reaction is the acylation of allylamine by rrans-cinnamic an- 
hydride, Eq. (2-34). 


x 
(CcH,CH—CHCOJ0 + CH;—CHCH;NH; > 
CCH;CH—CHCONHCH;CH—CH; + CH.CH—CHCOOH 


g-a 


Ihe initial anhydride concentration was about 3 х 10® M, and the amine con- 
centration was much larger than this. The reaction was followed spectrophoto- 
metrically, and good first-order kinetics were observed; hence, the reaction is first- 
order with respect to cinnamic anhydride. It was not convenient analytically to use 
the isolation technique tu detamine (he order. with respect to allylamine, because 
it is easier to observe the cirnamoy! group spectrophotometrically than к follow 
the loss of amine. Therefore, the preceding experiment was repeated at several 
amine concentrations, and from the first-order plots the pseudo-first-order rate con- 
stants were determined. These data are shown in Table 2-1. Letting A represent 
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TABE2-l. Determination of Reaction Order from Pseudo-FarstOrder Kate Constantst 











TO^Altylamine]/M. JO kar kM Ns 
m 3.75 34 
2244 756 EN 
4488 153 м2 








*For recction (2-34) a 25.0°C in acetonitrile 


the anhydride and В the amine, the rate equation is now —deadr = kusta, where 
we anticipate keee = kch. The third column of Table 2-1 lists the quotient kas’, 
‘whose constancy shows that = 1 

Mone complicated behavior is shown by the acylation of -butylamine with N- 
irans-cinnamoylimnidazole, 1. 


o 


| A 
CHICH-CH—C—N N 





The isolation technique showed thet the reaction is first-order with respect to cin- 
namoylimidazole, but treatment of the poeudo-firct-enler rate constants revealed 
that the reaction is not first-order in amine, because the ratio K/ck is not constant, 
as shown in Table 2-2. The last column in Table 2-2 indicates that a reasonable 
constant is obtained by dividing Kans by the square of the amine concentration; hence 
the reaction is second-order in amine. For the system described in Table 
2-2, we therefore find that the reaction is overall third-order, with the rate equation 





v — Hcinnemoylimidazole][n-butylamine]* 


and rate constant k = 0.0635 М 67 
Dula of this type can ako be treated graphically, If а pseudo-ürst-ordor rate 


Tame 2-2, Deteiination of Reaction Order: Reaction of n-Butylamine with 1° 














[Amine iM IU uS 10 af [orine] 10 
0.1099 0.768 
nasm E 956 
0.1952 2.37 ua 
0.2340 3.56 152 
uzm am 77 p 
0.3277 6.74 06 629 





7/1 25 0C in acetonitrile. 
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Figure 2.5. Log-log plot aecocding to Eq. (2-36) for the reaction of sulfite with einramoylsalicylic 
acid. The slop: of the line is 1.00. 


constant is to be tested for the functional form Да, = kch, plots according te Fq. 
(2-38) ev 0-26) can he made 


Ке L pega 
гтры teh 2-35) 
log kan = log k + blog са (2.36) 


A plot according to Eq. (2-35) is useful in confirming the absence of another rate 
term, because the line should pass through the сїрїп The log-log plot of Eq. 
(2-36) is valuable because the slope of the line is the order of reaction, for any 
order. Figure 2-5 is a plot of Eq. (2-36) lor the addition of sulfite to the double 
bond of cinnamnylsalicylic acid. At low concentrations of sulfite the reaction appears 
to be first-order in sulfite, but at higher sulfite concentrations some deviation is 
observed. 

A reaction order determined by the methods shuwn in ‘Lables 2-1 and 2-2 and 
Fig. 2-5 is called an order wiih respect 10 concentration. 


Initial Rate Method 


Let the rate equation be v = ke}. We initiate the reaction and measure c, as a 
function of time during the first few percentage of reaction. The slope of the plot 
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of ca vs. £ at £ = O is the initial rate of the reaction, and the rate equation at ¢ = 


0 is written 
ж\к tf 
Grim) 


which is most usefully expressed in the log-log form 
log w = a log & + log k ean 


‘Thus by measuring va at several values of c2. the log-log plot yields the reaction 
order. This method also works if tbe rate eyuation includes the concentrations of 
other reactants, provided their concentrations arc held constant throughout the series 
of measurements 

Casado et 11.9 have analyzed the enor of estimating the initial rate from 
а tangent to the concentration-time curve at г = 0 and conclude that the 
eror is unimportant if the cxtcnt of reaction is Icss than 5%. Chandler ct 
al fit me kinetic dala to a polynomial in time lo obtain initial rare 
estimates. 

‘One advantage of the initial rac method is thar it avoids any complications arising. 
from product inhibition or catalysis or from subsequent reactions. Another advantage 
is that it is applicable to very slow reactions whose study by other methods might 
be impractical. 

The initial rate method yields the reaction order with respect to concentration. 





Fractional Time Methods 


The functional dependence of the half-life on reactant concentration varies with the 
reaclant order. From the integrated rate equations we obtain these results: 


== (2-38) 
Zero-order КЫ (2-58) 
овоз 
First-order ne 0-30) 
Second-order (5 Beets), yee Q-40) 
once (special von а, = а 


‘These relationships offer a means for the determination of order by studying the. 
dependence of 4, on initia! concentration. Although this method may no: seem to 
offer an advantage over other procedures, it can provide additional evidence that 
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may be valuable. For example, the observation of a linear first-order plot according 
to Eq. (2-6) is evidence for a first-order plot. If now the in 
changed substantially and the resulting half-life is unchanged, the conclusion is 
very sound that the reaction is first-order. If the half-life depends upon concentration, 
on the other hand, the reaction cannot be first-order. Note that the half-life for any 
reaction can be obtained ftom the concentration-time data without recourse to 
integrated rate equations. 

Wilkinson" has generalized the fractional time method in the following way. 
For rate equation doidt = —ke*, the integrated equation. for m + 1. is 





1 


x a + (0 = DR (2-40) 
% 





vm 


Define the fraction reacted, p, by p = 1 — c/co Combination with Eq. (2-40) 
gives 





( — py = 1 + Gn Пк 
The left side is expanded in a binomial series, which is truncated after the quadratic. 
teu, Conibinativn leads to. 








At low p, therefore, p = Аф 'r. This substitution is used to pive 
n 
pcd peu 


which is rearranged ко Eq. (2-41). 


tom 1 





p 2 ki (2-41) 


Ву a different route the same equation сап be obtained for n = 1. A plot of ip 
VS. t leads to an estimate of the order л trom the slope. 

Because Eq. (2-41) was derived by means of approximations, its use may lead 
to approximate estimates of order, but its advantage is that it makes use of data 
taken at many time points. Figure 2-6 is а plot according to Eq. (2-41) with the 
simuluted data uscd to construct Fig. 2-4. The slope of the linc is 1.0, so the order 
is 2.0, in agreement with Fig. 2-4. [Experience with By. (2-41) applied to exper- 
imental data for first-order reactions indicates that Eq. (2-41) slightly overestimates 
the order for these reactions, leading te values п = 1.2-1,3.] 
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Figure 2-6. Plot according to Eq. (241) with the simulated date of Figs. 2-2. 2-3, and 2-4. 


2.3 METHODS OF DATA ANALYSIS 


Calculation of the Rate Constant from Concentrations 


А reading of Section 2.2 shows that all of the methods for determining reaction 
order can lead also to estimates of the rate constant. and very commonly the order 
and rate constant are determined concurrently. However, the integrated rate equa- 
tions are the most widely used means for rate constent determination. These equa- 
бопе can be solved analytically, graphically, or by least-squares regression analysis. 

Consider the first-order equation, Eq. (2-6). Writing this for concentrations c, 
and с, at times t, end f; and subtracting gives Eq. (2-42). 


Loan (2-42) 
© 





(ЖЫ 


With Fq. (2-42) the first-order rate constant сап be calculated from concentrations 
at any two times. Of course, usually concentrations are measured at many times 
during the course of a reaction, and then onc has choices in the way the estimates 
will be valtulawd. One possibility is to let i, Le zero бше [or all calculations, in 
this case the same value c° is employed in cach calculation. so crror in this quantity 
is transmitted fo each rate constant estimate. Another possibility is to apply Eq 
(2-42) to successive time intervals. If, as often happens, tke time intervals are all 
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equal, an incfficient mean vsta will result, as shown by Roscvearc.'* Let At 
be the constant time interval; then the mean of л estimates will be 


e 1 а 
та... + In St 
с Pan 





since når = т, Thus the mean value is equal to the rate constant calculated from 
the first and last dala points, all intervcningdata having been rejected in the averaging 
process. Roscveare calvuletod hat fur a first-order reaction, with negligible error 
in the time measurement, the best accuracy in calculating k from concentrations at 
two times is achieved when the time interval constitutes 67% of the total extent of 
reaction. Usually nrst-order kinetic data are treated graphically or by linear regres- 
sion, as discussed subsequent 

Titrimetric analysis is a classical method for generating concentration-time data, 
especially in second-order reactions. We illustrate with data on the acetylation of 
isopropanol (reactant B) by acctic anhydride (reactant A), catalyzed by N-methyl- 
idazole. The kinetics were followed by hydrolyzing 5.0-ml samples at known 
times and titrating with standard base. A blank is carried out with the reagents but 
no alcohol. The reaction is 









unm 
Av,O + (CH)CHOH ——> CH«COOCIKCIL) + HOAc 


where HNMIM] = kas is the pseudo-second-order rate constant. 

In the blank titration. the acetic anhydride is hydrolyzed to give 2 mol of acetic 
acid per mole of Ae;O. In а sample titration, each unreacted anhydride molecule 
likewise yields two of acctic acid, but each reacted Ас О molecule yields only onc 


Tase 2-3, Kiretcs of Acetyntion of Isopropyl Alcohol by Acetic Anhydride Catalyzed 
by -Methylimidazole' 











tmin уш мм шм ым. nu 
2 18.70 0.062 0.878 0.308 0102 
6 17.60 оо 0.760 0190 0133 
© 10 9234 ШШ 0130 0125 
14 30 0.276 0.661 0.094 ов 
18 1645 0-302 0.638 0.068 0427 





347 0.94 M, сї = 0.37 M, N = 05328, Vy = 19.30 ml. 
PA 45°С in dicithyllorrsaride; [NMIM] = 0.30 M; 5-0-тй samples drawn. 
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ni acetic acid. ‘Thus MV, — V.) is the millimoles of alcohol er of acetic anhydride 
reacted, where N is the normality of the titrant, and 


Му — V3. 
sample volume 


is the concentration reacted, x being the reaction variable appearing in Eq. (2-25). 
The reactant concentrations arc then given by ca — ch — x and cg = cB — л. 
Equation (2-27) is rearranged to 





Кы = (2-43) 





(а a) ( 
Table 2-3 lists data for а typival Kinetic sun, witli Kay calculated witi Ey. (2-43). 


and Fig. 2-7 shows the plot according to Eq. (2-27). 


Ep —— 


20 


ln (eati) 








Figure 27. Second-order plor af FA. Q- 
27) for tte acetylation of isopropyl alcchol. 
Bata are from Tate 23. 
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Treatmant of Instrument Response Data 





Equations (2-3), (2-6), and (2-15) are written here in terms of the concentration 
rativ cA" (or. its reciproca). 
Zero-order a 1 En о-н) 
First-order In a =-h (2-45) 


Second-order 2-46 





We can reach two useful conclusions from the forms of these equations: First, the 
plots of these integrated equations can be made with data on concentration ratios 
rather than absolute concentrations; second, a first-order (or pseudo-first-order) rate 
constant can be evaluated without knowing any absolute concentration, whereas 
zero-order and second-order rate constants require for their evaluation knowledge 
of an absolute concentration at some point in the data treatment process. This second 
conclusion is obviously related to the units of the rate constants uf the several 
orders. 

It is often experimentally ronvenient t» use an analytical method that prvides 
ап instrumental signal that is proportional to concentration, rather than providing 
an absolute concentration, and such methods readily yield the ratio c/c". Solution 
absorbance, fluorencenee intensity, and conductauce arc examples of this type ot 
instrument response, The requirements are that the reactants and products both give 
a signal that is directly proportional to (eir concentrations and that there be an 
experimentally usable change їп the observed property as the reactants are trans- 
formed into the products. We take absorption spectroscopy as an example, so that 
Beer's law is the functional relationship between absorbance and concentration. Let 
Abe the reactant ond Z. the product. We then require that £4 + ву, where e signifies 
а molar absorptivity. As initial conditions (r — 0) we st ca — Chand cz = 0. 
The mass balance relationship Eq. (2-47) relates «5 and c7, where c? is the product 
concentration at infinity time, that is, when the reaction is essentially complete. 





Az=ata=acd Q47) 
Applying Beer's law gives 

Ao = гарой (2-48) 

Ax — ы] (2-49) 





Babes + ghee (2-50) 


эмге пате eovanona 26 
where Ay is the absorbance att = 0, А„ is the absorbance 212 = c. and А, is the 
absorbance at time г. Algebraic combination leads t» Fq. Q3». where the form 
chosen depends upon whether Ao or Aw is the larger quantity. 

DEP ERES 


- 2-51 
dA A. (251) 





That is, (Ao — Ax) is proportional to the entire extent of reaction, and (A, — 
Aw) is proportional to the concontmtion unreacted ut time £. Obviously these quan- 
ез can be separated, and the plots made without knowledge of До, however. as 
noted above, Aq (whose knowledge is equivalent to knowing с) is needed to 
calculate а zero-order Ur secumd-urder rate constant. 

Equation (2-52) is a combination of Eqs. (2-45) and (2-51), and Fig. 2-8 is a 
plot according to this equation. 


k 
say cut ENT 2.52) 
log (Aw — A) узш! * 1964 0) (252) 
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Figure 28. First order plot cf the hydrolysis of p-nitraptenyl gluterate at 25°C. Reaction followed 
spoctropbotometrically at 400 nm: b = 1cm, A» = 0900. pH 7 14 
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Evidently the reaction shown in Fig. 2-8 is first-order (or pseudo first-order) over 
the period of time (shoul 2.5 half-lives) plotted in the figure. From the slope of 


the line the rate constant is calculated to be 4.90 x 1075 51. 

Evidently the measurement of A. should be accomplished with at least the same 
evel of accuracy as the measurement of the A, values, so the question arises: When 
does г = æ? Thet is, when is the reaction essentially complete" For a first-order 
reaction, we calculate, with Eq. (2-10), that reaction is 99.9% complete after the 
lapse of 10 half-hves. This would ordinarily be considered an acceptable time for 
the measurement of Aw. 





Methods Wren the Final Value is Unknown 


Clearly the accurate mensurcment of the final (infinity time) instrument roading io 
necessary for the application of the preceding methods, as exemplified by Eg. 
(2-52) for the spectrophotometric determination of a first-order rate constant. It 
sometimes happens, however, that this final value cannot be accuratcly measured 
Among the reasons for this inability to determine A. are the occurrence of а slow 
secondary reaction, the precipitation of aproduct, an unsteady instrumental baseline, 
or simply а reaction so slow that it is inconvenient to wait for its completion 
Methods have been devised to allow the rate constant to be evaluated without a 
known value of Au; in the process, of course, an estimate of Ax is also obtainable, 

At the outset it should be clear that, in onler to apply these methods, the order 
of reaction must be known. Most of the following applies to first-order reactions. 

The simplest procedure is merely to assume reasonable values for A. end to 
make plots according to Eq. (2-52). That value of Aw yielding the best straight line 
is taken as the correct value. (Notice bow essential itis that the reaction be accurately 
first-order for this method to be reliable.) Williams and Taylor! have shown that 
the stundunl deviation about the line shows a sharp minimum at the correct A. 
Holt and Norris" describe an efficient search strategy in this procedure, using as 
their criterion minimization of the weighted sum of squares of residuals. (Lcast- 
squares repression is trested later in this section.) 

‘The most commonly used method for first-order rate constant evaluation in the 
absence of a final reading is Guggenheim’s method. '* We continue to use spectro- 
photometric analysis as an example. From Eq. (2-52) we write, for time z, 





(A, — А, (A. — Age ~ (2-53) 





For the same reaction, at 2 later time (f + Af), where Aris a constant time increment, 
(As — Anra) = (Ax — Age I7 254) 
Subtracting these eyuations and reamanging gives 


Ao ae = A) = An — Agen (1 — 
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We take logarithms to obtain Eq. (2-55). 





(Дш, А) = ke IA. — АО — 67th) (2-55) 
Because Ar is a constant, Eq. (2-55) is the equation of a straight linc, whose slope 
yields the rate constant. [If Ac > Aw, one plots In (А, — А, 4) 7 

Table 2-4 gives data for the alkaline hydrolysis of phenyl cinmamate under pseudo- 
first-order conditions, with calculations made in order to apply the Guggenheim 
method. The plot according to Eq. (2-55) is shown in Fig. 2-8. From the slope the 
 pseudo-first-order rate constant is 3.37 x 10? s? 

The Guggenheim method requires that data be taken at constant time increments 
‘equal to Ar. In the past this was often a disadvantage, particularly when the er 
periment was not designed tn be analyzed by this method, but with modern instru- 
mental methods of analysis itis common to acquire a continuous record of instrument 
response as а function of time, зо that data cen be token from this rocurd al any 
desired times. 

The following considerations bear on the selection of the increment Ar. In con- 
ventional first-order plotting according to Eq. (2-52). evidently Af = 9, which has 
the advantage thet it minimizes the relative error in the ordinate, which is а dif- 
ference. If, in the Guggenheim method, As is chosen to be very small (relative to 
the reaction half-life), this relative crror will be large. On this basis, then, Ar should 
be as large as possible. Bacon and Demas' used simulated data to find that the 
relative standard deviation about the Guggenheim line showed a broad minimum 
in the range 3.6 n < Ar < 5.3 ru. However, there is another factor to consider. The 
Very reason that an accurate Л. cannot be measured experimentally may prevent 
А. observations from being made over а very wide extent of reaction, so At may 
be constrained by this limitation. Let Т represent the entire time period over which 
observations are made. Then we have three possibilities: 





1. Chuose At = 7/2. This choice maximizes Ar subject to the decision not to use 
any data twice yet to use all data once. This is the procedure used in constructing 
Table 2-4. 


Тав 2-4. Application of Gugenheim’ 





s Method tw the Hydeolycic ef Phenyl Cinnaman 





us A СЕТА Aca (Ал ad 
в 0837 400 ЕП 356 
50 0768 aso 0.463 озю 
100 0699 so 0.447 0252 
150 от sso D 0216 
20 0602 E van ол 
250 0563 eso саш 0152 
300 0532 700 0.402 0.130 
350 озу p 0.397 0108 





7A125.0C and pH 11.80. 1 
a Cn cel 


ester concentration, 3.2 х 1076 М. Reactien followed at 295 nm in 
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2. Choose Ar < Т2 This sacrifices accuracy in the difference (A, — A+ x), but 
produces more data points for the plot by using some data morc than once. 

3. Choose At > TI? This gives less error in the difference (A, — Ar, a), but it 
does not make use of all of the data. 


The principal cource of error in the Gupgenheim method appears to lie in taking 
the difference (A, — Ау). This has been circumvented in а method proposed 
independently by Kezdy et al,” Mangelsdorf," and Swinbournz. " Again we write 
Eqs. (2-53) and (2-54), but now we divide them and rearrange to get Eq. (2-56) 








А, = Ам P AS — y (2-56) 





Thus a plot of A, vs. A+ æ should be linear with slope equal to exp(kAr). Figure 
2-10 is plot according to Eq. (2-56) of the data in Table 2-4. Equation (2-56) is 
obviously very easy to use. И has an unusual Feature in that time is тим one er die 
plotting variables; instead both axes consist of variables having comparable exper- 
imental error. The statistical analysis of this problem has been given in detail by 
Schwartz and Gelb? ard McKinnon et al.” Schwartz has generalized these meth- 
ods, Eqs. (2-55) and (2-56) arising as spocial cases 
Another approach is possible. We rewrite Eu. (2-53) as 





А, = (Ao — Ade" + Aw (2-57) 


Christensen? differentiates Ey. (2-57) with respect to time and then takes loga- 
rithms, obtaining Eq. (2-58). 
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Fuere 29. Овен plot for the hydrolysis cf phenyl cinerrate. Data are from Table 2-4. 
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In (dA/dt) = —ki + Ink (As — Ao) (2-58) 


dAJdt is the tangent to the A, vs. £ curve at time r. A plot of In(dAydr) vs. r gives 
а Straight line whose slope is equal to —k. Nonlinear least-squares regression 
‘analysis, discussed later, is another method that can bc applied to Eq. (2-57).2+2° 

Fspenson?? and Livesey?” have solved the second-order kinetics problem (in the 
special case) when А „ is unknown. Combine Eqs. (2-16) and (2-51) and rearrange 
to give 





Ao + 9 (А. — A) (2-59) 


Equation (2-59) is also written for time ғ + As, where Aż is a constant time 
increment. These cquations are subtracted, yiclding Eq. (2-60). 





Ar Ansar Resa, ДА Аа) WAA (2-00 


A plot of the left side of the equation against the bracketed term is a strsight line 
with slope equal lo ke 25 
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040 045 О50 Figure 2-10. Plot of Eq. (2-56) for 
A the bydrolysisnf phenyl cinnamate. Data 
teat are from Table 24. 
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Propagation of Errors 


А parameter such ак з rate constant is usually obtained as a consequence of various 
arithmetic manipulations, and in order to estimate the uncertainty (error) in the 
parameter we must know how this error is related to the uncertainties in the quantities 
that contribute to the parameter. For example, Fq 0-33) for п ркен учете 
reaction defines Kas, which can be determined by a semilogarithmic plot according 
to Eq. (2-6). By а method to be described later in this section the uncertainty in 
Reps (eApiesseu as its variance g?) can be estimated. However, kops is rol 
desired parameter k by kos = kep, and presumably some uncertainty is associated 
with cy. Thus, we need to know how the errors in Ka, and cp arc propagated into 
the rate constant К. 

Suppose we have а function F(x,y), and we сапу out a Taylor's series expansion 
about the point (xou), thus 








Р(х,у) = FGuyo) + FG) * (x — x) + Ру) — yo) 


where we truncate the series at the lineur term as shown. If we take x close to до, 
у close to yo, the intervals Ax = x — xy ду = у — Jo will be very small, and 
the approximation is a reasonable one. In this cquation F. and F, are partial first 
derivatives @.е., F, = (8Р/ак),). 

Defining AF = х,у) — Foo) gives 








AF = FAx + FAy Q6) 


We now identily Ше iucieurents Aa and Ay as deviations in x and y. Then Eq. 
(2-61) reveals, to а good approximation, how these deviations are propagated into 
the deviation AF in the function F.”* Squaring Eq. (2-61) gives 


(AF)? = (FAx? + (F,AyP + 2F,F,AxAy (2-62) 
Now sum the squared deviations over all possible valucs of their (small) ranges 


and take the averages. These quantities con be interpreted us in Eqs. (2 63) and (2 
64): 





ea, g WOT 


(263) 





Ух — DY - 5) 
n 





o. (2.64) 


where 2, o? are the variances of x and y, and оу is the covariance, often designated 
соу (x,y), which measures the interaction between.x and y. Then Eq. (2-62) becomes 


оф = Fiol Б} оў + 2Р,Р,а,, (2-65) 
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This argument obviously can be generalized to any number of variables. Equation 
(2-65) describes ihe propagation of mean square error, or the propagation of vari- 
ances and covariances. 

If the errors in the variables are independent, then 0, = 0, and the propagation 
of error equation can be written 


oF = Г202 + Р 02 (2-66) 
To illustrate, we apply Fq (2-66) to the example k = kadiu Vet E 


у, so the function is F = х/у. Then we find F, = дЕдх 
=x)". Thus, we obtain 


=F, 
= iy 





which may also be written. 








Suppose these reasonable results had been obtained: Ka, = 3.0 * 10° s '; standard. 
deviation, 6 x 10? s ‘yen 0150 M; standard deviation, 0.0002 M. Then we 
ealeulate k — 0.200 M-! «71, standard doviution, 0.0046 M=! inl 





Linear Least Squares Regression 


‘Lhe most widely used method lor tilting a straight line to integrated rate equations 
is by linear least-squares regression. These equations have only two variables, 
namely, а concentration or concentration ratio and a time, but we will develop a 
mere general relationship for use later in the book. 

Tt is necessary to make a distinction between two kinds of functions. If a function 
сап be written in the form of 


foy) = а + ал tam) кал (2-67) 


it is said to be linear. The terminology means that it is linear in the parameters 
ау. The quentitics x, may or may not be lincar, for example, we might define 
X, — x; then Eq. (2 67) would be а polyno: 
linear function in the present sense, If a function is not linear in its parameters, 
it is a nonlinear function. If а nonlinear function can be transformed into а lin- 
car function, it is seid Ww be dntrinsicully Hneur. Ойка functiuns уаш be sv 
transformed; these are called inrinsically nonlinear functions. Here we consider 
linear functions. 


Ш im x, but it would remuin a 
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‘This is the general approach: 


1. Define the model junction, Eq. (2-68). 











р 
= (2-68) 
2. Define the least-squares objective function, Eq. (2-69). 
C-£XG-R8 2-69) 
In Eqs. (2-68) and (2-69), the symbols have these meanings: 
Observation number Ё bd Seen а 
Parameter number j2912,...k 
Independent variables X, is the ilh observation of variable x, 
Dependent variable is the ith obscrvation of variable y. 
Calculated vanable $ is the ith value of the dependent variable 


calculated with the model function and the final 
least-squares parameter estimates. 


3. Take partisl dorivatives of G with respect to each parameter, set each derivative 
equal to zero, and solve the & + 1 simultaneous equations for the parameters. 


There are some restrictions that we do not consider here. Our primary requirement 
is that the у, are normally distributed (for a given set of xy) about their mean true 
values with constant variance. We also, for the present. assume that the errors in 
the x,; are negligible relative to those in y, 
To make this specific we take Eq. (2-70) as an example model function. 

Ji = а + р + йда + data (2-70) 

For convenience we omit the observation index i, writing 
$= а t am + в + avs олу 

‘The objective function is then 


G = Sy = (а + ах + азо + ала)? (2-72) 


‘The necessary partial derivatives are sc! ro zero: 


ac 





— 2X(y — ay — ax, — a — ass - 1} 





ao 
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c 

VU 25(у - a, — ai - аю — ax -x) = 0 
1 

a 

an = DX - в — av — ag — xXx) = 0 

ба, 

ac 

aa, ^ D — Ф— am — аю — exi ox) = 0 
" 


Multiplying through and rearranging. rives Fqs. (2-73), where we have used the 
identity Ya, = non. 


ар + ax, ал, + дулу = Xy (2-73a) 
алу + х2 + а„Улух; + въуз = Уху (2-73b) 
ах + By + apu + ауУхху = Улу (2-730) 





аах, + Ek + ак + Xx) = Yxy 


‘The summations in Eqs. (2-73) are over all i. Equations (2-73) are called the normal 
regression equaitons. Wih ihe experimental observations of y; 2s a Tunction ot the 
ху, the summations аге carried out, and the resulting simultancous equations are 
solved for the parameters. This is usually done by matrix algebra. Define these 





а 
а 
а 
а 


xy 

Exy 
Iwy 
Day 


n Ex, In к 
By £X Exe Ука 
Уһ Sim Xe — Ins 
Уз Xa o Eus Хаз? 
Then Eqs. (2-73) are succinctly written. 


AX=Y 
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Because it is of particular interest in the present context, we now obtain the 


normal equations for linear regression with a single independent variable. The madel 
function is 


j= а + ал (2-74) 


Because this is a special case of Eq. (2-70), we can use the carlier results, retaining 
only the relevant terms. From Eqs. (2-73) we obtain 


an | ayEx = By 
ах + abe = Èy 
Because liie бо алу one independent voricble, the cubscript has been omitted, 


We now note thet Zun = F and Хул = y, so we find Eqs. (2-75) as the normal 
equations for unweighted univariate least-squares regression. 





а + at 


щ®х + ada? = Exy 





(2-75) 


(A variable can take any physically admissible value; a variate is a variable that 
must also satisfy a frequency distnbubom.) Inese are called unweighted normal 
equations because each observation is accorded equal weight. 


Weighting in Leas:-Squares Regression 


We now consider the case in which, again, the independent variable a; is considered 
to be accurately known, but now we suppose that the variances in the dependent 
variable у, are not constant, but may vary (either randomly or continuously) with 
4, To show the basis of the method we use the ‘simple linear univariate model, 
written as Eq. (2-76) 


(2-76) 





Lot w be the weight we wish to assign to point x,. у, The objective function is 
now defined 


G = Xu (a + DP от» 


Carrying through the treatment as before yields Eqs. (2-78) as the norme equations 
for weighted linear univariate least-squares regression. 


n + bXwux = 
ow, + Бунд, = Zw, e» 
ах, + Bwr? = Ewi 
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It is conventional to define (lor the case being considered) the weight of a mer- 
surement у, to be inversely proportional to the variance of yy, that is, 





=з a) 


where o? is the variance of у, corresponding to the independent variable x, end ox 
is a proportionality constant. Because ois a constent, it cancels from the normal 
equations, and its choice is whitrary Three conventions are commonly used: 





Seta = 1. Then 











ту (2-80) 
2, Set Ew, = 1. Then a = Мо?) and 
шо) 
w = Yael (2-81) 
3. Set Xw, = n. Then a = п/З(1/о?) and 
пи? 
w x) 





БЕШ 


Convention 3 has the feature that the weights add up tu п, шый they бо also in 
“unweighted” regression, for which the эе are all equal to unity. 

In order to apply weighting, estimates of the o? are needed. These must be 
obtained experimentally by replicate measurements of the y, at several х. 


Weighting and the Transformation of Variables 
I frequently happens that we plot or analyze data in terms of quantities that are 
transformed from the raw experimental variubles. The discussion uf Ше propagation 
of error leads us to ask about the distribution of error in the transformed variables. 
Consider the first-order rate equation as an important example: 
с = coe 

We commonly linearize this by taking logarithms. 

Inc inro — kt (2-83) 
Least-squares regression of In c on £ then gives estimates of In cy and k. Because 


time is usually measured with much greater accuracy than is concentration. we need 
only consider the uncertainty in the dependent variable. 
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We define the transformed variable є' = In c and apply the propagation ot error 
argument to find the variance of c'.?* 45 From Eq. (2-66), o? = (8c /cY a2, 
and because d Inu = dul, we get 





vo = cc (2-84) 
Therefore in applying weighted least-squares analysis to Eq. (2-83), cach c' = In 
c should be weighted inversely to 2c? rather than to oz. 


Veriances of the Parameters 


It can be argued thet the main advantage of least-squares analysis is not thar it 
provides the "best fit” to the data, but rather that it provides estimates of the 
Uneertaintioe of the parameters Hore we sketch the hasis of the method by which 
variances of the parameters are obtained. This is an abbreviated treatment following 
Bennett and Franklin.” We use the normal equations (2-73) as an example. Equation 
(2-73) is sulved fur ao: 





to = y — аў — aS — ах (2-85) 


Equation (2-85) is substituted into Eqs. (2-73b. c. d), multiplied out, and rearranged 
to give Fqs. (2-86), 


MSP) + азір) + 60а) = Sy) 
аах) + аз?) + aSa) = 5(%у) (2-86) 


iS) а Сука) + азб (уЗ) = Say) 
where 
Six) = Уо — xy 
бозк) = Xs — nXn — Ta) 02-87 
Stay) = Zi - х) у) 
and so on. Thus Eqs. (2-86) represent а model having four parameters, the variables 
now being expressed relative to their means. 
The solution of Eqs. (2-86), which we omit, gives the following equations, 
ay = cn Slay) + Cray) co) 


а = сыйлуу} + caS03y) + созу) (2-88) 


аз = субу) + eso) | ex SQ) 
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Where сд = Ga Cs — cia боз = Cyn, amd these суу arc functions only of the 
sums involving the x,. The c^ are clements of an inverse matrix; they can be 
obtained from these equations: 





CaS + Slam) + eS) = 1 


cuSQox)) ! enSGz) + exSQox) = 0 (2-89) 


2 





caso) + ens) 1 eas о 


сал, Саз, and с are found by solving an analogous set of equations with the right 
sides replaced hy 0, 1, 0. c, су, and cs; are similarly found by replacing the 
right sides by 0, 0, 1. Thus a, аз, and аз arc calculated by means of Eqs. (2-88), 
and an is obtained with Ед. (2-85) 

‘The calculated values ӯ of the dependent variable are then found, for x, corre- 
sponding to the experimental observations, from the model equation (2-71). The 
qui оў, the variance of the observations y,, is calculated with Eq. (2-90), where 
the denominator is the degrees of freedom of a system with п observations and four 
parameters. 








(2-90) 


Finally variance cstimates of the parameters are calculated by means of the су” 
elements, us in the following relationships (where var and cov represent variance 
and covariance, respectively). 





var (а) = en оў 
var (a3) = с oÈ asn 


var (a3) = сз e$ 


сох (а.а) = соў 
соу (anas) = cis OF @-92) 
cov (aa) = cn OF 


We still used the variance of op. Eliminate ay between Eqs. (2-71) and (2-85) 
to pive 


$ =P + aa, — X) + Gly — X) + а — X) (2-93) 
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We apply the propagation of errors treatment to Eq. (2-93), where the quantities 
in parentheses are treated as known constants. The result is 


P vata) оэ 





уш(ў) = хаў) + E, - 
Neglecting covariances and using Eqs. (2-91). 
L4 S > 
хаб) = 4 ep Ey = уч, (299) 


Equation (2-95) gives the variance of ў al any 4j. With this equation confidence 
intervals can be estimated, using Student's t distribution, for the entire range of xj. 
In particular, when all x, = 0, ў = ao, and we find 





var (а) = 9; l + 55, (2-96) 


Lot us upply these results to the univariate linear model, Ва. (2-74). From Eq. 
(2-89), c5(K7) = 1, or 











f 7 soi am 
From Eq. (2-88), 
3-0-7) 
a= X (2-98) 
and д = ў — d, x from Eq. (2-85). Pquation (2-91) gives 
А 
aja (2 99) 
ar (ea) у зр 299) 
From Eq. (2-95), the vuriunce of ў at a given x is 
i Gee 
эш) = vj К 4 £x] (2-100) 
Finally, from Eq. (2-100) at x = 0, 
2 
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Calculations of the confidence imervals about the іам -ъуиисъ regression line, 
using Eq. (2-100), reveal that the confidence limits are curved, the interval being 
smallest at x, = X. 


Nonlinear Least-Squares Regression 


Referring to the earlier treatment of lincar least-squares repression, we saw that the 
key step in obtaining the normal equations was to lake the partial derivatives of 
the objective function with respect to each parameter, setting these equal to zero. 
"The general form of this operation is 





Now if the functions linear in the parameters, the derivative аўга, docs not contain 
the parameters, and the resulting set of equations can he solved for the parameters. 
If, however, the function is nonlinear in the parameters, the derivative contains the 
parameters, and the equations cannot in general be solved for the parameters. This 
is the basic problem in nonlinear leusi-squares regression. 

Several methods haye been devised to sul vc this problem," Cr "^ All involve 
approximations. The method of Deming is based on linearization of the nonlinear 
function by a truncated Taylor's series expansion. The treatment will not be given 
here; very detailed descriptions are available," ^ 5 59 e ^ However, It МИШ De 
useful to show the result for a model function of fairly wide applicability in chemical 
kinetics, We consider а model having two variables (a, y) and three parameters 
(a, b, c). Then the linearization procedure leads to this set of normal equations. 


EWEFA + Dok AB + Ewihb FC = XwFLFO 


lwiPFA + УРЕН + lw FLAC = УЬ (2-102) 


УКЕ А + SWB + SFC = Умр. 


Tn Eqs. (2-102) the symbols have these meanings: The running index ё denotes Ше 
observation number (i goes from 1 to m, the total number of observations); 
wi = VL, where 

Fafa, Ea 


эш н 


1, (2-103) 
and w; is the weight of the ith observation; the parameters А, B, and C are defined 


А-а a 


B=b-b (2-104) 


Фс 
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where а, Bo, and су are the initial estimates of the parameters, and a, b, and c are 
the refined estimates, obtained from Eq. (2-104) and the values of A, B, ard C 
ет in solving the normal equations. We define 





(2-105) 


Fh = FAY abe) 2-106) 


where X, and Y, are the experimental values of the variables in the dh observa- 
don. ‘he remaining quantities in Egs. (2-102) wv pattial derivatives, defined 
Fa = ӘЕЧӘх\, Fs = AF ly, F, = OF da, Е. = дЕШдЬ, FL = Flòc. 

То make this more concrete, let us apply Eqs. (2-102) to this simple model 
function: 


у=а+ № (2107) 
Dropping the running index for convenience, we have from Eq. (2-105), 


T -a-bx=0 (2-108) 





and from Eq. @-106) 


— ao — box 





where we understand that the experimental values arc taken. The partial derivatives 
are, from Eq. (2-108), F, = Б, F, = 1, F, = —1, F, = ~x. Substituting 
these into Eq. (2-102) gives 

Унд + EwaB = — Ую(у-а,— Aw) 

Ewa + Ema = Ewy ар b) 


Multiplying out the terms and using Eq. 





104) gives 





Sw + hiwr = Yuy (сї) 


dXwx + biw? = Xexy 


which we scc are identical to Eqs. (2-78). Notice that the initial parameter estimates 
a and by do not appear in Eqs. (2-109). When, however, we apply Eqs. (2-107) 
цә а moulincar model function we find that the initial parameter estimates: appear in 
the normal equations. 

The procedure is to use Fqs. (2-102) and the nonlinear model funcion. Prelim- 
inary parameter estimates us, Do. - . are needed. The resulting parameter values 
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a, b, .. . аге then used as the do, bo, .. . Inm second iteration, this calevlntion 
being repeated until the estimates converge. 

Note that this process has the capability of acocunting for uncertainties in both 
variables through Eq. (2-103). Combining Eqs. (2-79) and (2-105), 


1 


4- 





- tek reb олау 
WR 


There аге several possible weighting situations: 


1.02 <<< ol oj is independent of i. Then Eq. (2-110) becomes lw; = 
T}; ola; becuuce оф, is а constant, it cuncels fram the normal equations. and 
we have unweighted least-squares analysis 

2. 92 <<< o3; mh = fix). This case is usually described as weighted least- 
siue» шашуы. M wa» discussed сиет. 

3. о% = of, Then the variances can be factored from Eq. (2-110). If they are 
constant, they cance! from the normal equations. This situation appears to apply 
to Eqs. (2-17) and (2-56). 

4. аў + gi, but they are comparable in magnitude. If they are functions of x, 
both variables must be weighted, and the foll Eq. (2-110) must he used. 





Equation (2-57) is a typical kinctic example of a nonlinear equation with two 
variables and three parameters, to which Eqs. (2-102) may be upplied.*7* 

Computer programs capeble of carrying out nonlinear least-squares regression 
are commercially available. The user chooses the model function and provides the 
data and preliminary estimates of the parameters (which, for the simple rale equa- 
tions being considered bere, arc obtainable hy linear plotting methods). The program 
solves the normal equations for the parameters, iterating as required, Variance 
estimates of the parameters are calculated as described eurlier Kineticists will 
probably choose to carry out nonlinear regression with such a program rather than 
to designa program; but it is important to understand the principles of the calculation 
nevertheless. 





Accuracy in Rate Constant Measurements 





“The experimentalist usually exercises choice in the design of kinetic experiments 
and in the data analysis. This choice includes the number of replicate experiments, 
and the manner in which replicate data arc processed. Phillips et al.™ argue that 
least-squares regression using original (nonaveraged) data points gives more reliable 
variance estimates than does regression using averaged data. For exaruple, if ep" 
licute k ушш are measured at the same concentration levels, fitting the mean k 
values to a function of the concentration sacrifices information on the variance and 
leads to а poorer test of goodness of fit (for example, by calculating confidence 
limits). 

Correct weighting procedures for least-squnres analysis have been discussed in 
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Figure 248. Semilogsritimic plo of бе hydrolysis of p-nitrophenyl glutimate in te presence of 





p-methoxycinnamate ion; 25.0 C, intial pH 7 52, reaction followed at 400 шт. The plot deviates from 
Ineichy afer die fest Mall. 


{his section, but it must be noted that weighing is probably net employed uy often 
as it could be. Kalantar” treated data of the first-order type with both weighted 
and unweighted least squarcs, using the linearized semilogarithmic form of the 
integrated equation. Different kinds of errors were added to the data. ‘The efficiency 
of the parameter estimates was defined to be the ratio v? (using weights)/a* (not 
using weights). For a constant relative error (oy/y constant) the efficiency was 
essentially 100%, whereas Гог a constant absolute error (cr, constant) the elficiency 
was less than 100%, decreasing tv extremely low values us the range of observations 
(extent of reaction) increased. 

There is а danger in relying on least-squares regression analysis without graphic 
presentation of the dala, The human eye, in combination with chemical knowledge, 
is a more subtle qualitative judge of iat» than is regression analysis. Observe Fig. 
2-11, a first-order plot of the hydrolysis of p-nitrophenyl glutarate in the presence 
of p-methoxycinnamate ion. The straight line has been drawn through the points 
in the first half-life, and it revenls u distinct curvature in the later portion of the: 
reaction. Least-squares analysis without an accompanying, plot might overlook this 
small but real effect. (In this case the curvature could be easily accounted for: The 
pH changed by about +0.03 unit during the course of the reaction, resulting in 
erroneous А, and, especially. A.. values, because the proportion of product in the 
absorbing form is very sensitive in pH at the pH of the experiment.) The availability 
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Of computer graphics shuld Le taken advantage uf by cxperimentelists unwilling 
to plot data manually. 

We must ask: How accurate should rate constant measurements be? The answer 
15 that their accuracy should be commensurate with the use to be nade of Ше daa. 
There are instances in which the highest attainable accuracy is required, as in the 
measurement of kinetic isotope effects, or searches for the temperature dependence 
of activation energies. Usually, however, It 18 metfictent to devote excessive ime 
and effort to achieving exceptional accuracy ina rate constant. A single rete constant 
is, by itself, nearly valucless. Rute constants have meaning primarily in relation to 
reaction variables such as temperature, pH, catalyst concentration, cr solvent coni- 
position. It is Jenck's opinion’ * 56 that five rate constants having 5% accuracy 
(and exploring спе of the cited reaction variables) аге more valuable than a single 
constant with 1% accuracy, and the labor required for the two outcomes might be 


very similar. 
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PROBLEMS 


1. Calculate the percentage completion of a first-order reaction for the clapse of 
0, 1,2, . . . „10 half-lives. Plot percentage completion against the number of 
half-lives 

2. Find a relationship between the half-life z2 and the lifetime of a first-order 
reaction. 

3. For a reaction that is followed spectrophotometrically, let у; = dA/dt be the 
initial rate in absorbance units per second. Letting сү anc e, be the molar 
absorptivities of reactant and product, respectively, relate у}, to vu, the initio 
тис in moles per liter per second. 

4. Find the integrated rate equation for a third-order reaction having the rate 
squaüun haldi — deg’. 

5. These are absorbance-time data for the hydrolysis of p-nitrophenyl benzoate 
in aqueous solution, 





з A, 
0 0.168 
20 0.218 
40 0.265 
60 0.305 
50 0.342 
v0 па? 
160 0.451 
200 0.488 
æ 0.634 


The conditions were: pH 7.70. ionic strength, 0.3 M; 25.0°C; initial ester 
concentration, 8 х 107° M; measurements al 400 nm in a 5-cm cell. 
(@) Find the first-order ral cortan. 
(b) Estimate the molar absorptivities of the ester and p-nitrophenol under these 
conditions. 
6. These are pseude-first-order rate constants for the alkaline hydrolysis of ethyl 
p-nitrobenzoate. at 25°C. 


7. These are initi 
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7399 533 х 107 
909 6.64 x 10° 
10.09 6.64 x 10^ 
1138 128 x 10° 
1200 538 x 10° 


(a) Find the order with respect to hydroxide ion and estimate the reaction rate 
constant for hydrolysis. 

(b) What is the half-life ct pH 11.00? 

rates of acelohydroxaniic acid formation from acetic acid, 

catalyzed by nickel chloride. 





Nim 


CHCOOH + NH,OH 





CH,CONHOH + ЊО 





IO85M —. 10°|CH,COOII/M 
3.26 3.45 
2.38 2.58 
1.65 1.72 


‘The conditions аге 90.5°C; pH 5.25; ionic strength, 1.0 M; 0.04 М NiCl;; 
0.20 M INH;OILIICI. Estimate the order with respect tu auctic acid. 

8. The kinetics of alkaline hydrolysis of phenyl cinnamate were studied at 25°С, 
in solutions containing 0.8% acetonitrile; ionic strength, 0.3 М; initial ester, 
8.19 x 107° M; reaction followed spectrophotemetrically in 5-cm cells at 295 
nm, For studies af three pH values, these absorbance data were obtained. The 
pH was established with sodium hydroxide of the normality specified in the 
heading of the table (as titrimctrically determined). 




















Aass 
pH 1.59 pH LL pee 11.79 
А 10.00550 N Маон) 40.650696 N NaOH) (0.00872 N NaOH] 
озб? 0865 osag 
= олт 
олт 0751 one 
= = 0662 
0698 0662 0618 
250 == 0580 
3w 0635 0592 0547 
350 = 0519 
400 0.584 vss 0494 
450 = = сата 
жо 0540 vaso 0.457 
5% Dnm 
(Cersinued) 











5в KENNETH CONKORS 

Aan 

pH 11.59 тит КИТЕ, 

its (0.00550 N NaOE) (0.00696 N NaOH) (0.00872 N NaOH) 
600 0506 0465 0428 
I ex el олт 
30 0478 0.438 0.407 
750 0.399 
во 0.484 оак 0392 
Ез - - 0387 
эз) 0434 0.403 = 
100 0419 0391 
по p олаг = 
1200 0396 — - 
1300 0386 - = 


(а) Calculate the pscudc-first-order rate constants for the three studies. 

(5) Calculate the second-order rate constant for the hydrolysis on the basis of 
the titrimetric hydroxide concentration. 

(с) Calculate the second-order rate constant for the hydrolysis on the basis of 
the pH measurements. 


. The acetylation of isopropanol by acetic anhydride is catalyzed by 4-dimsthyl- 


aminopyridine (DMAP). "The reaction kinetics can be followed titrimetrically 
by hydrolyzing samples at known times and titrating them with standard NaOH 
A blank is carried out with the reagents but no alcohol. 


DMAP 
Ас;0 + (СНЬСНОН -> HOAc + CH.COOCH(CH;); 


‘These data were obtained at 45°C in DMF as solvent. 


Sample Blank 
тз Мт Мын 
5 1.80 amid 
10 7.20 жы: 
Б = эз 
0 675 — 
30 6.45 — 
з — эз 
5 162 — 
50 = 9.80 
ө во — 


‘The initial concentrations were: A&O, 0.53 M; КОП, 0.41 M; DMAP, 0.17 
M. Portions (5.0 ml) of the sample solution or the blank solution were with- 


10. 


14. 


15 


16. 
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drawn at the specilied times «nd discharged info 20 ml of water. The solutions 
were titrated with 0.5327 N NaOH, giving the titration volumes shown, 

(a) Find the second-order rate constant for the reaction 

(b) Assuming that the reaction is first-order in DMAP, calculate the third- 

order rate constant 

"The kinetics of alkaline hydrolysis of en cster can be followed by the “pH- 
stat” method, in which the pH is beld constant by adding a solution of strong 
alkali to the reacting ester solution. The volume of alkali added in order te 
keep the pH constant is recorded as a function-time. Find the volume function 
needed to determine the rate constant; that is, given the volume-time data for 
this type of experiment, what plot or calculation will yield the rate constant? 


. For a first-order reaction, investigate: the properties of a plat af dc/d(1) vs 


їл. 


. Show how a rate constant сап be determincd from an initial rate measurement, 





the reaction order is known. 
Suppose un initial rate of reaction vp is measured in the first few percentage 
of a reaction. Calculate the shelf life (ton) if 

(а) The reaction is assumed to be zero-onk. 

(b) The reaction is assumed to be first-order. 

Derive the linear normal regression equations for the function у = ay + ax 
+ ae 

Obtain the weighting function required to carry out weighted least-squares 
regression analysis of Eq. (2-15). 

(a) If the standard deviation of absorbance measurements is 0.002 absorbance 
unit, what is the standard deviation of the quantity (А. — AJ? 

(b) IfA. = 0.850 and A, = 0.400, what is the relative standard deviation of 
(A. — A)? 





CHAPTER 3 


Complicated Rate Equations 





In Chapler 1 we distinguished between elementary (one-step) and complex (multistep 
reactions). The set of clementary reactions constituting a proposed mechanisin is 
called а kinetic scheme. Chapter 2 treated differential rate equations of the form 
у = keick..., which we called simple rete equations. Chapter 3 deals with many 
examples of complicated rate equations, namely, those that are not simple. Note 
that this distinction is being made on the basis of the form of the differential rate 
equation. 

Although it is possible for ип elementary reaction to have a complicated 
Tale equation as defined here (our first example below is such an instance), 
complicated rate equations arise largely in the study of complex reactions. 
Such kinctic systems can be clussilicd im soverul ways, perhaps most gener 
ally as either parallel reactions or consecutive resetions.' In parallel teac- 
tions a reactant undergoes two or more concurrent reactions to give differ- 
enr products. The grouping might be expanded to include bwo er шс 
reactants undergoing reaction to give a common product. Parallel reactions are 
also called competitive reactions [although Noyes' distinguishes between these 
classes} 

Consecutive reactions are those in which the product of one reaction is the reactant 
in the next reaction. These arc also called series reactions. Reversible (opposing) 
reactions, autocatalytic reactions, and chain reactions can be viewed as special types 
of consecutive reactions. 

There is го general cxplicit mathematical treatment of complicated rate equations. 
In Section 3.1 we describe kinetic schemes that lead to closed-form integrated rate 
‘equations of practical utility. Section 3.2 treats many further approaches, both 
experimental und mathematical, to these complicated systems. The chapter con- 
cludes with comments on the development of a kinetic scheme for a complex 
teaction. 
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3.1 INTEGRATION OF THE RATE EQUATIONS 


Reversible Reactions 


Scheme Lis the simplest reversible reaction. 





Scheme I 


[Note the rate constant symbolism denoting the forward (k) and backward (К) 
Steps. | The differential rate equation is written, according to the lew of mass action, 


den 
а 





Race — kaara ал) 


‘That is, the quantity kica is the chemical fluv? in the forward direction and K. cz. 
is the fiux in the reverse direction, the net rate of change of reactant concentration 
being their difference. 

As the initial conditions we take c, = «$ and c> 
relationship is СА = c + cz, which is combined wi 


0: thus the mass balance 
Fq. G-1) to give 





dey 


dro ht Ready k 





(3-2) 


At equilibrium de,/dt — €; applying this condition to Eq. (3-2) yields (А, + 
kiei = Кыс}, where c5 is the equilibrium value of ca. This result is used in 
Ey. (3-2): 


р = (hi + kc. — СА) (3-3) 


Alter separation of variables, Eq. (3-3) is integrated to give Eq. (3-4) as the 
integrated rate eyuativn. 


& 


In = 





= -(Uh + kay G4) 





“ 


Evidently simple first-order behavior is predicted, the reuctant concentration de- 
caying exponentially with time toward its equilibrium value. In this case г com- 
plicated differential rate equation leads to a simple integrated form. The experi- 
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mentally observed first-order rate constant k is equal to the sum kı 1 ky. From 
Fy. (3-1) written at equilibrium, when dc,/dt = 0, we get Kich = kic, oF 
Sick = ki/k_ı = K, the equilibrium constant for the reaction. Hence, from the 
measurement of the equilibrium constant and the observed first-order rate cunistanc, 
the quantities k, and Ё , can be calculated. 

Next consider Scheme II. 





Scheme П 


If pseudo-first-order conditions can be established, for example, by seting ch > 
i, then Scheme Ш collapses to Scheme Ш, 


nd 


A 


1 


2 





Scheme III 


which is evidently equivalent to Scheme 1. "Ihe observed first-order rate constant 
for Scheme II is k ~ kich + Kk, and likewise the equilibrium constant is 
сусу = Kiki 

If pseudo-first-order conditions do not apply, the Scheme IE rate equation is 





= саса — katz (3-5) 





This сап be integrated,’ although the result is rot simple. Кіпр? has shown that 
Scheme Ш is more easily described in terms of a quantity A defined as the dis- 
placement uf а concentration fron: its equilibrium угас. Let ca — eX | A; then 
ме also have ce = ch + A and c» = $ — А. The equilibrium constant is K 





kilk- = сусу ch. Algebraic combination of these relationships with Eq. (3-5) 
gives bg. (3-6) 
dà з 
oa =k, (3-6) 
q TEMO IA 0-б) 
where 
оет о) 


Separation cf variables and integration gives the indefinite integral, Eq. (3-8) 





In [zs i] = -kQ t + constant 6-8) 
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‘The value of the integiation constant is determined by Ше wagnitudy of tie dis- 
placement from the equilibrium position at zero time. Кіпр? also gives a solution 
for Scheme IV, and Pladziewicz ct al.* show how these equations can be used with 
a meapured iustiuriental sigua tu estimate Ше rate constants by means nf nonlinear 
regression. 





E 
А+НЕ УЖИ 
m 


Scheme LY 


‘This device of A, the displacement from equilibrium, is used in the study of very 
fast reversible reactions by relaxation kinetics. We will see, in Chapter 4, thal if 
very small, all reactions follow first-order kinetics, thus simplifying the inter- 
pretation of the Kinetics. This approach might be extended to slow reversible re- 
actions. 





Parallel Reactions. 


Scheme V shows a complex reaction in which a single reactant A undergoes in- 
dependent, concurrent reactions to yield two different products. 


E 
AY 


^ 
A>Z 
Scheme V 


‘The rate equation for the loss of A is 





6-9) 


u 


Sie 6-10) 


where k — k, + К. Thus, the reactant concentration follows a first-order rate 
equation, the observed sale (алма. being the эши of the rate coustants оГ Ше 
individual reactions. Parallel second-order reactions run under pscudo-first-order 
conditions will give the analogous result. 

“The rime course cf the product formation is interesting. Consider product Y 


dees 


co - 
di Ta ~ ds Gan 
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because, Поли Eq. Q-10), ca = c exp (la). Bntegriüun of Eq. (3-11) gives 





w= 8-12) 
and similarly for product Z: 
o, № x 
a= +020 - еу 613 


k 


Suppose that cy = 0, c2 = 0, as is often the case. Then the final product con- 
centrations ure found by soting 4 — ^ im Eq. (3-12) and (3-13); we obtain 
cf = ДЫ and C? = cikk. The half-life for the production of Y is then given 
by Eq. (3-12), scing сү = ($2 when = па. We find tig = In 2/k, and the 
эаше rule is UUtained for pudu Z. Thus, Ше products are generated in 0750. 
order reactions with the same half-life, even though they have different rate con- 
stants. 
We also lind, trom Eqs. (3-12) and (3-13), for the case c = 0, & = 0, 















eh 


cas 





= 


According t thie importunt тека, the айа nF penduct concentrations is equal te 
the ratio of rate constants, independently of time. Even if the reactions are too fast 
to follow by conventional techniques, final product analysis will give the rate 
constant ratio (provided no subsequent reactions introduce artifactual changes). 

Scheme VI describes a reaction system in which two different reactants yield a 
‘common product. 


^ 
А 2 
^ 
BZ 


Scheme VI 


Scheme VII constitutes an equivalent system if the concentration of reagent R is 
much larger than the reactant concentrations. so that we have pscudo-fitst-order 
conditions. 
AFR—AZ 
ю 
BtERZ 


Scheme VIE 


са кечын л, качин 


In Scheme VII the reactants A and B compete forreagent R. There may be additional 
products: the essence of the description is that the analytical method responds 
identically to the products of the two reactions 

From Scheme VI, the reactants follow first-order kinetics, soc, = cl exp C- kit) 
and cy = сўсхр (— ы). The mass balance expression is 


At haalniaed 6-15) 
Combining these equations gives 


Bm = he + hele 


or 
neZ e) ln (elem 1 che) 6-16) 


Obviously a plot of In (cf — cz) vs. time will be nonlinear (except for the special 
сазе К, = kp). However, suppose kı » Ко; them at some time essentially all of 
reactant A will have reacted, and Fq. (3-16) becomes 


dn(cz — cz) Ine — ka @-17) 


во that Az is obtained from the terminal linear portion, which is extrapolated back 
tor = 0 tc obtain ch. With cf and k, available, сү, can be calculated and subtracted 
from (ež — cz) to yield ca. Finally a plot of In ca vs. £ gives cà and К. 

Figure 3-1 shows calculated plots of Eq. (3-16) for hypothetical systems in which 
Ky» has the valucs 1 and 5. It is evident from the example in which kı = 5k; that 
the curvature persists well ino the reaction and that unambiguous identification of 
the terminal linear portion may be difficult. The long extrapolation to find «£ is 
also uncertain. The accuracy of this procedure depends upon the ratios k/k» and 
с. 

Parallel reactions of die Schemes Vl aud VIE type lave айг жд] muuli intereat 
because of their analytical utility. If a mixture of two or three reactants can be 
arranged! to undergo parallel reactions, with appropriate rate constant ratios, it may 
be possible to determine the composition of the initial mixture. Brown and Fletcher” 
introduced the extrapolation technique discussed above for this purpose, and many 
modifications of the approach have since been made.*!* 

Next consider the case of parallel first-order and second-order reactions shown 
in Scheme УШ. 





А Y 


Scheme УШ 
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Figure 3-1. Plats cf Fq. (3-16) for hypothetical systems having k: = 0.02 s- end the indicated values 


OT the ratio кик, In роп examples cå = 67 and dj — 0.3 





The differential rate equation is 


-2a = kien 4 зь Gas) 


Define r = lois. and use this in Eq. (3-18) to pet 


-EA оі + dre) (3-19) 
dr 


Upon separating variables and integrating, we obtain Fq. (3-20). 


a 
woe Ее +20) 
»[: S] p [5 zl Cap 


Scheme УШ applies also to а system that includes a reagent if the reagent con- 
centration is much larger than СА. 
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Loby anc co-workers"? used Eq. (3-20) by assuming а value for the rate constant 
ratio r, plotting the left side against r, and calculating the correlation coefficient as 
а measure of goodness of fit. hen r was varied until the best straight line was 
generated; this value of ғ together with the slope gave k, and k». Under pseudo- 
order conditions with respect £o a reagent, the experiment is repeated at different 
reagent concentrations in order to determine the orders with respect to the reagent, 
as described in Section 2-2. Equation (3-20) has heen generalized to higher orders," 





Consecutive Reactions 


Scheme IX is a complex reaction that occurs widely: 


A>B 


BoC 
Scheme IX 


‘This consists of two consecutive irreversible first-order (or pseudo. 
actions. The differential rate equations arc 











(320) 
(322) 
de 
T et (4-23) 
Ihe reactant A follows a first-order rate equation. bence, 
DEP 624) 


To find the dependence of cp on time wc usc the integrating factor method. Write 
Ец. (3-22) as 


and multiply both sides by еб", the integrating factor. 


( = + ы jer = абе hey (325) 
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Next notice that 








ас 
= ү + шыу 3.26) 
Comparing Eas. (3-25) and (3-26), 
dene” 
— 


which is integrated to yicld 


ae? = ек м + constant 





is determined by the initial conditions. Suppose сь = 0 att = 0; 
constant = —сД/(Ь — ky), and the integrated cquation becomes 


Ф [e Aree “| (3-27) 


For the initial conditions ch = 0, c = 0, the mass balance relationship is 








A = сл + op + сс (3-28) 


Subsriroring Eqs. (3-24) and (3-27) into Eq. (3-28) and rearranging, yields 





MATE E: [= he nnm] 329) 





Clearly Eqs. (3-27) and (3-29) are inapplicable in the special case kı = hs. 

Figure 3-2 shows the dependence of ca, cy, and сү. on бте for a hypothetical 
systern tor which К/К: = 4. ‘Ihe rise and then fall ot cy is characteristic; substance 
R is an intermediate in the overall reaction in which A is transformed into C. Figure 
3.3 is the sume type of plot for a system having ky/ke = 1/4. In this case the 
concentration of В is at all times less than that in Fig. 3-2; B is a more reactive 
intermediate in Pig. 3-3. The time at which cg reaches its maximum valuc is found 
by setting deg/dt = 0; the result is 


й 
T 





(3-30) 


Equation (3-29) can also be written as in Eg, (3-31). 


A 


(mA DS de doe “| 6-31) 
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is 


Figure 3-2, Pivo uf Ep. (2-24. (3-27). and (3-29) for a hypothetical system having parameters 
& = Why = OOS k = 0.005 5 1. Compe with Fig. 33, 


Because Eqs. (3-29) und (3-31) are identical, the concentration of C is symmetrical 
in Ky and kz. Ш two talc constants can be cvaluatcd on the basis of e vs. 2 data 
alone, it is impossible to establish which is Kı and which is kz. This is known as 
the slov.-fasr ambiguiry. In the later stages of reaction, when c, has decreased to 
negligible levels, the concentration ce Contains the same kinetic infurmation as dues 
сс» во а similar Conclusion follows; cx in the later stages is controlled by the smaller 
rate constant, but ome does not know if this is kı or fy. Several authors have discussed 
the slow fast ambiguity.” The problem arises also in pharmacckuetuc modeling, 
when the first step corresponds to absorption of drug into the body and the second 
step то drug elimination. The date usually consist of drug concentrations in the 
blood ак а function of time, and because absorption is usually more rapid than 
elimination," the terminal phase is called the elirninutivn phase, and the climination 
rate constant is evaluated from this phase. However, it is possible for absorption 
to be slower than climination, and then the terminal phase kinetics are cortrolied 
by the absorption kinetics. This is called the flip-flop problem 2222 

"The legends. of Figs. 3-2 and 3-3 reveal that these plots were calculated by simply 
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Figure 3-4. Por of Tay (3-24), (3-27). end (5-2% for a systems boring ратта eH — d 
һ = 0.0255, ke — 0.1057. Compere with Fig. 32. 


interchanging the values of ky and ko. It is for this reason that the time course for 
the production of С is identical ir the two figures. The semilogarithmic plots of 
the same simulated data, shown in Figs. 3-4 and 3-5, are instructive. An obvious 
result is that the plot of In ca vs. r is linear, because ca decays according to a first- 
onder rare equation. Moreover, after c has decreased 10 very low levels, the plot 
of In сь vs. t approaches linearity. 

The method of cvaluation of thc rate constants for this reaction scheme will 
depend upon the type of analytical information av: ilable. This depends im part upon 
the nature of the reaction, but it also depends upon the contemporary state of 
analytical chemistry. Up to the middle of the 20th century, titrimetry was и widely 
applied means of studying reaction Kinetics. Titrimetic analysis is not highly sen- 
sitive, nor is it very sclcutive, but it is accurate and lias the considerable advantage 
of providing absolute concentrations. When used to study the A — Н — C system 
in which the same substance is either produced or consumed in cach step (c.g... the 
hydrolysis of а diamide or a diester), titration results yield a quantity F = сь + 
2ce. Swain devised a technique. called the time-ratin method, to evaluate the rate 
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Figure 34. Semilsgerthmis plot ofthe concentation-time eures of Fig. 32. 


constants when F is the experimental measure of the extent of reaction. Combining 
Fys. (3-27) and (3-29) with the definition of F gives 


and d = kt. Then Eq. (3-32) becomes: 


" 25 4| -ч 
наа Eee b] 633) 


For a given extent of reaction. Eq. (3-33) is an equation with the two unknowns 7 
and d. The procedure, in essence, із to mensure F at two times and to colve the 
two simultancous equations. In practice the problem is more difficult than this 
because an analytical solution cannot be obtained; moreover d is itself dependent 
upon time. Swain’ coastracted tables of d (and of log d) as a function of r for 
thrse different extents of reaction. Curves of log d vs. log rare plotted. The curve 





] ev (3-32) 





Define r = kj 
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Figure X5. Semiluyaritimie plot of the conceriraticn-time curves of Fig. 3-3. 


for one extent of reaction is superimposed on that for a different extent of reaction, 
the curves being displaced along the log d axes by a distance corresponding to the 
logarithm of the experimental time ratio for the two different extents of reaction. 
From the point of intersection of the two curves the solution is found, and the 
mate corstants are evaluated. Kalonia and Simonelli? have critically analyzed 
the Swan method and have shown that и cannot distinguish between the cases 
А œ 2k; and ky > by. 

Instrumental methods of analysis provide different measures of the progress of 
reaction. Consider this kinetic system as observed by absorption spectroscopy. 
Beer's law applicd to the systcin gives 


Ay = Enben + кыс + ворс (3-34) 





is the solution absorbance st u single wavelength 

Combination of Eq. (3-34) with Eqs. (3-24), (3-27), and (3-29) provides an 
equation giving A, as a furction of time and the parameters c, ед, €m, Ec, Ai, and 
ha, Usually єл and ec can be measured indeperdently, and cf, is known, so the 
equation has two variables and three unknown parameters. This problem can be 
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solved by nonlinear-least squares regression, as outlined in Section 2.3. Alcock et 
al.” found that the solution includes the slow—fast ambiguity, with two different 
values for e; providing equivalent curve fits. The correct solution could he found 
by varying k'k, (for example, by changing reactant structure or temperature) to 
lcarn which solution yielded an invariant ey. Alcock et al." conclude that a rapid 
increase and slow decline in absorbance docs not necessarily mean that the first 
reaction is fast and the second onc is slow. However, once the correct еп has been 
identified, it is possible to resolve the ambiguity."® 

Ahsorption spectroscopy provides an opportunity to follow concentrations of 
individual species with time by observing the system at more than one wavelength. 
‘An example is the dehydration of prostaglandin E, methyl ester, in which the 
essential chemistry is shown as follows: 








o 
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fac Ye су 
ню R Ro Ra 
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In this system the product of the first reaction possesses an absorption maximum 
21222 пт and the final product has Ama: — 288 nm. The initial reactant is essentially 
nonabsorbing at these wavelengths. Hence, spectrophotometric observation at 222 
and 288 nm allowed two simultaneous equations to be written, and thus ca and ce 
were determined as functions af time. From the known quantity сї, the concentration 
сь was calculated with Eq. (3-28). The rate constant k, was then found from the 
plot of In e, vs. time. An est 
In cy vs. time in the late stages of the reaction, and this value was refined by curve- 
fitting the cp and cc data. Figure 3-6 shows the data and final curve fits. 

1f thc data consist of cy cs n function of time, another approach can ће used. As 
above, the smaller rate constant (say ka) is estimated from г semilogarithmic plot 
of сь at later times when c, is negligible. This plot is extrapolated back tor = 0. 
"This linc is described by the equation [from Ey. (3-27)], 





te of mate constant k, was obtained! from a plot of 


пс“ = [АКА — E) — kat (336) 

Combining Eqs. (3-36) and (3-27), 
In (ef — ey) = [ДЕ — K)] — kit G3» 
Graphically Eq. (3-37) represents the logarithm of the differences between the 


experimental cp values at carly times and the values extrapolated from latc times. 
The plots of Eqs. (3-36) and (3-37) should have the sume intercepts and their slopes 
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Figure 36. Concentation-timc behavior of Eq, (3-35) at pH 7,56 and 60°C. The curves were drawn 
with Eqs. ($24). (3-27). and (3-29) and the parameters ky = 0087 Һ!, ky = 0.0020 k^. The 
Concentrations are expressed relative to the initial reactant concentration, 


yield estimates of the rate constants. Figure 3-7 shows this technique for the hy- 
pothetical system of Figs. 3-2 and 3-4. 

In pharmacokinetics this plotting technique is called the method of residuals. or 
the feathering technique; ст, corresponds to the drug concentration in the blood. 
Wagner and Metzler”' have analyzed the errors in the rate constants that result from 
this method of data analysis. Typically the smaller rate constant (estimated from 
the final stage of the reaction) is underestimated; as a consequence the larger rate 
Constant is overestunated. ‘hese authors suggest that the method of residuals be 
nsed to obtsin preliminary estimates fora nonlinear least «juares repression analysis. 

Scheme X constitutes an extension of thc preceding discussion: 
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Scheme X 
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Figure 37. The metho cf residuals applied to the system shown in Figs. 3-2 and 3-1 


discussion of Las. G-36) and (3- 
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Comparison of Eqs. (3-38) and (3-39) with (3-21) and (3-22) shows that the time 
dependencies of ca and св are identical in Schemes IX und X, so integrated equations 
(4:24) and (3-27) apply also to Scheme X. ‘the integration of Eq. (3-40) is carried 
out analogously to that of Eq. (3-22); the result, for the initial condition c = 0 
ate = 0, is 








Ee [x TA) А) Oh kks 9 
+ r | 
6606 6 
(2-42) 
‘The concentration of D is then found from the mass balance, 
€) — cA + св + сс + ср (3-43) 
е + ње Eke" 





oe - 
OTA QS АБ — (6 = Rs =k) Uy = has — E) 
(3-44) 





Figur: 38 isa plat of e... сы. се. and Co for a hypothetical system of the Scheme 
X type. An interesting feature is the time delay efter the start of the reaction before 
the final product, D, appears in sigrificant concentrations. This delay in product 
appeurunce is called an induction period ot lagtime. In orderto observe an induction 
period it is only necessary that the system include several relatively stable inter- 
mediates, so that the bulk of the material balance is temporarily “stored” in these 
prior fons. An experimental шсаъшепка of the induction period requires an 
arbitrary definition of its length 

Generalization of Scheme X to апу number of consecutive irreversible first-order 
reactions is obviously possible, although the equations quickly become very cum- 
bersome. However, Eqs. (3-42) and (3-44) reveal patterns in their farm, and West- 
man and Del шу? have developed a systematic symbolism that allows the equations. 
to be written down without integration. 

Consecutive reactions involving one first-order reaction and one second-order 
reaction, or two second-order reactions, are very difficult problems. Chien?” has 
obtained closec-form integral solutions for many of the possible kinetic schemes, 
but the results are too complex for straightforward application of the equations. 
Chien”? recommends that the kinetic ist follow the concentration of the initial reactant 
А, and from this information rate constent А, can be estimated. Then families of 
curves plotted for the various kinetic schemes, making use of an abscissa scale that 
іва function of СК, are compared with concentration—time data for an intermediate. 
or product, secking a match that will identify the kinetic scheme ard possibly lead 
to additional rate constant estimates 
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Figure M. Pla of concenmation-time бда for Scheme X сыйлай with Eqs. (3-24), (3-27), (3+ 
42), and (3-44) and the parameters = 1. = 0.10 ^, 4a — 0025 s. ks = 0005 s* 


Kinetic scheme XI has been discussed by many authors. 


h 
A-K—B-ME 


B+RSC+Z 


Scheme ХІ 


In Scheme XI, R is a common reagent. The alkaline hydrolysis of a diester is ап 
example of Scheme XI, with the diester ROOC-(CH,),-COOR being A, the half- 
ester ROOC-(CH,),, COO- being В, aud ОН ма ving as R. Prost and Schwemer^ ^? 
developed a time-ratio method analogous to Swain's method.” Such methods аге 
applicable to kinetic data obtained by titrimetric analysis under second-order con- 
ditions, in which c and cà are comparable. The kinetic problem is greatly simplified 
if pseudo-first_order conditions (ef, 3 75) are employed, for then Scheme XT he- 
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comes equivalent to Scheme IX. With modern analytical techniques this is the 
preferred approach to solving this class of kinetic problem. 

Paventi?® has discussed Scheme XI in the following terms. First, consider the 
simple second-order reaction 


Й 
A+R>B+Z 
‘The differential rate equation is —@са/@ = kcace, and the mass balance equation 


ise? — ca = E — со. Eliminating с, between these equations and integrating 
gives the usual second-order integrated equation, which can be written in this form: 





Cr = (CK — Reak eplek — ak — 1] * (3-45) 





Paventi* then obtains a differential equation for Scheme XI and hy analogy writes. 
Eq. (3-46) as a particular solution, where & is a function of ky and ky. 


er — QR — «ООА Ара — см — 07" (3-36) 


Faventi? argues that, because Eq. (3-46) can describe the experimental cy, ¢ data 
with the single rate constant k, it is not possible to evaluate two rate constants from 
this set of data. The parameter k is the smaller of the two constants Ау and kz. 


3.2 OTHER METHODS OF ANALYSIS 


Measurement of Rates 


"The differential rate equations of а complex reaction, expressing rales es functions 
‘of concentrations, are usually simpler in form than are the corresponding integrated 
Cquations, which express concentrations as functions of time; morcover, it is always 
possible to write down the cifTerential rate equations for а postulated kinetic scheme, 
маса» it шау be difficult or impossible tu integrate ticum. Of course, we usually 
measure concentration as a function of time. If, however, we can measure rates, 
we may use the differential equations directly. 

Consider Scheme ХИ, consisting ot parallel first-order and second-order reactions 
(e-g., concurrent S41 and 5,2 reactions) 


ti 
A>Y+z 
n 


А+ RYE 


Scheme ХИ 
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The differential rate equation for the loss of A is 


— 4 oie, + keari Qm 
dt 


whieh сап be written 
wea) = kien + саса 


the symbolism v(cA) emphasizing thet the rate depends upon the concentration. 
Rearranging gives 





c9 ht het (3-48) 





m 


Thus, if c, und cy can both be measured! as functions of time, a plot of wea vs 
y allowe the rate constants ta he estimated. (If it is known that B is also consumed 
in the first-order reaction, mass balance allows су, to be easily expressed in terms 
of съ.) The cate v(cq) is the tangent to the curve c, = ffl) at concentration єл. 
This van be determined pruphically, analytically, or with computer processing of 
the concentration-time data, Mata-Perez and Percz-Benito" show an example of 
this treatment for parallel uncstalyzed and autocatalyzed reactions. 


Simplification of the Experimental Kinetics 


It may he possible to convert а very complex reaction into a less complex system 
by appropriate choice of reaction conditions or analytical methods. Here are some 
possibilities. 


1. Use of the isolation or pseudc-onder technique. This approach is discussed in 

Chapter 2, where it was shown how а sccond-order renctiun vould be converted 

to a poeudo first order reaction by maintaining one of the reactant concentrations 

at an essentially constant level. ‘Ihe same method may be usefully applied to 
complex reactions. In this way, for cxample, Scheme XI сап be studied under 
conditions such that it functions as Scheme IX. A corollary that must be kept 
in mind is that а reaction system that is observed to behave in accordance with 

(as an example) Scheme IX may actually be more complex than it appears to 

be, if an unsuspected reactant is present under pscudo-order conditions. 

Study of reversible reactions close to equilibrium. This possibility was discussed 

in connection with Scheme Ш and is further treated in Chapter 4. It turns out 

that if thc displacement from equilibrium is small, the Kinctics approach first: 
order behavior. 

3. Neglect of the terminal stages of the reaction. Perhaps thc kinetics become 
complicated only later in the reaction, when а slow process lending lo а by- 
product begins to become significant. If this last reaction is of no immediate 
interest, data collection may be terminated before it complicates the kinetic 
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behavior. Шив is commonly done in studying enzyme kinetics, in which initial 
rates are usually measured, 

4. Neglect of the initial stages of the reaction. I may be possible to study the final 
reaction in a series without cxcessive interference from earlier processes. This 
is done when estimating the smaller of the two rate constants in the А — В = 
C series reaction (Scheme IX) by following cy late in the reaction 

5. Use of un intermediate as a starting reactart. Again taking Scheme IX as an 
example, if intermediate B is stable encugh to be isolated or synthesized. its 
reaction to give C can be studied independently of its formation from A. (This 
requires that the A — B step be irreversible). For example, in the overall 
hydrolysis of a diester, the intermediate is the half-ester, which usually can be 
synthesized to serve us u reactant in a separate study. 

6. Mimicking the reactant with a detivative or analog that cannot undergo the full 
complexity of the reaction, yet preserves some features ol the reaction of interest. 
Thur an ortho disubstituted benzene derivative may шайы an intramolecular 
reaction in addition to an intermolecular reaction: the corresponding paru-di- 
substituted compound, which is incapable of undergoing the intramolecular 
pruxcss, ay be a good model of the intermolecular reaction. 

7. Change of reaction conditions to minimize kinetic complications. For example, 
if two parallel reactions have substantially different activation energics, their 
relative rates will depend upon the temperature, The reaction solvent, pH, and 
concentrations are other experimental variables that may be manipulated for this 
purpose. 

8. Choice of initial conditions. To give a very obvious example, in Chapter 2 we 
saw that a second-order reaction A + B — products could be run with the 
initial conditions сї = єй. thus permitting a very simple plotting form to be 
used. For complex reactions, it may be possible to obtain a usable integrated 
rate equation if the initial concentrations are in their stoichiometric ratio. 

9 Exploitation of analytical selectivity. We have seen, in our discussion of the A 
> В — C series reaction (Scheme IX), that access to the concentration of A 
as а function of time is valuable because it permits k, 10 be casily evaluzted. 
Modern analytical methods, particularly cluuriatugraphy, constitute а powerful 
adjunct to kinetic investigations, and they render nearly obsolete some very 

difficult kinetic problems. For example, the freedom 10 make use of the pseudo- 
vider technique is largely dependent upon the high sensilivity of analytical 
methods, which allows us to set one reactant concentration much lower than 
another. An interesting example of analytical control in the sudy of the Scheme 
1X system is the spectrophotometric observation of the reaction solution at an 
isosbestic peint of species В and C. thus permitting the A te B step to be 
observed 22 


El 





'aliun of the Time Variable 


For parallel reactions the following technique is often helpful. We illustrate with 
Scheme V, writing for the products 


уй = hens й = 
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Dividing one of these equations by the other gives dc dez = kika, te tiri variable 


canceling. Integration yields 





ет 
I 
B 


(3-49) 


which we had obtained earlier by a differcnt argument. By measurement of the 
product ratio at any time the rate constant ratio can be calculated. 

Scheme ХШ is a mora complex example. Suppose that reactant В is consumed 
only in the second-order reaction. 


A 


AY 
ЕЗ 
ALR? 
Scheme ХШ 


The differential rate equations are 








de, 
<2 3-5 
а ер 
- (зәп) 
Dividing (3-30) by (3-51), 
dc, k 
Ast 3-52 
des kate um 
Integration gives Eq. (3-53). 
A ash- G53) 





which relates ey to су, for this reaction scheme: Rearrangement gives an expression 
for the rate constant ratio: 





(B=) — (d о) 
ъ [T] oH 
From Eq. (3-54) and measurements of c, and сп, the ratio А,/& can be obtamed. 
Solution of Eq. (3-53) for cq, substitution into Eq. (3 51), and integration gives 


jot = d sey (3-55) 


"B сыс = cB + cm — (КЫК) eR CnN 
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Numerical treatment is ncccssary. From a measurement of cy at rime г rhe definite 
integral in Ец. (3-55) is evaluated, and this gives a value for kẹ. Emanuel” and 
Кпопе?? show an example of this calculation. Benson? ??-5-© treats other examples 
of the elimination of the Lime variable. 


Replacement of Time with an Area Variable 


In 1950 French? and Wideqvist?? independently described а data treatment that 
makes use of the area under the concentration-time curve, and later authors have 
discussed the method."^" We introduce the technique by considering the second- 
order reaction of A and R, for which the diflerential rate equation is 





dey 
— = — keren 
dt (3-56) 
Now define 2 variable 0 by Eq. (3-57). 
8 — Jo cadi (3-57) 


so that d = cydt. Combining this eq) 





y with Eq. (3-56), 





den 
eet OR Е 
A (3-58) 
which integrates to Eq. (3-59). 
сл = de (3-59) 


‘Thus, thc technique consists of a transformarion from the rime differential dr to the 
area differential ZB, and the essential effect of this transformation is a reduction by 
one of the apparent order of the reaction. The variable @ is the area under the curve 
of cy vs. time from = Oto time r. With modern computer techniques Гог integrating 
experimental curves, this method should be attractive. 

Applications have been made to consecutive reactions. ^^ with several methods 
being developed to extract ihe rate constants. Consider Scheme XIV 


Scheme ALY 
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The differential rate equntions are 


E = whe, + К-и G-60) 
EI Jaen — @-, + kojen Gen 
deo _ 

di kace (3-62) 


The treatment will depend upon the chemistry of the system and upon which 
concentrations can be followed. Suppose ca is accessible. Using the definition of 
Eq. (3-57) converts Eq. (3-62) to 


== h 3-63) 
ө“ (3-63) 


so that the rate of production of С is zero-order when followed with respect to the 
variable 6. Another approach?” is to write Eq. (3-60) as 


a ue СЕТЕ 





Again using the dehnition (3-57). 


Ca 
[S E k0 (3-64) 
а н D G-64) 


Now two simultaneons equations of the form of (3-64) are written at points (raa, 
thy 01) and (c4 2, f, 05) and are solved for thc two rate constants. If the concentration 
of c, is available, a similar development can be made with Eq. (3-61). 


The Leplace Transformation 


Linear differential equations with constant coefficients can be solved by a mathe- 
matical technique called the Laplace transformation. Systems of zero-order or first- 
order reactions give risc to differential rate equations of this турс, and thc Laplace 
transformation often provides a simple solution. 

Let у = Fit) be a function of t (in our systems t represents time). Then the 
Laptace transform of F (1) is defined by Fq. (3-65). 


fu) — ff Fide “dt (3-65) 
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‘The Laplace transformation converts a lunttion ot t, А12). into a function of s, fts), 
where s is the transform variable. The quantity f(s) is called the Laplace transform 
of Ft). Equation (3-66) shows several equivalent symbolic representations of the 
Laplace transform of the function у = F(a). 


Sis) = UFO) = Цу = ӯ (3-66) 
‘Some authors usc the letter p instead of s for the transform variable. 
We will obtain some Laplace transforms by applying the definition, Eq. (3-65). 


Suppose F(t) = a, where a is a constant. ‘Then 


a 


Кз) = [фсе td -* 





Next анъ the exponential funcion, which is important in Kinetics. Let (т) = 


1 
sta 





Ko = Је te “dt = [ре nhá = 


Inthis way many Laplace transforms can be found. Table 3-1 gives a small selection 
of transforms. 

Application of dhe definition shows the dhe Laplace transform Is a lincar oper- 
ator;*! this property is represented in Eqs. (3-67) and (3-08). 


LAC) + FAD] = ЦЕКО) + ЕДО] (3-67) 
LIFR = aH FO (3-68) 


The Laplace transform of a derivative d;/dt is found by application of Equation 
(3-65) and integration by parts: 





For = етшу 0a) fo ye "ш 
Жз) = -yo + ò 3-69) 


where yo is the value of y when? = 0. and y is the transform of y. 

Te lake Ше inverse Laplace transform means to reverse the process of taking the 
transform, and for this purpose a tahle of transforms is value To 
consider a simple first-order reaction, whose differential rate equation is 





de. 
T ky 


dt 
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BLE el. Nome Laplace Transforms? 








No. F 
1 a 
2 1 








s re a 
ГЕСИ 
6 d. 1 
autc стаю 
2 П 5 
ine ih u 
а- rid 1 (s-aus- b) 
8 осе (c- ax а Det П 
(а bXb- elle a) sas BG c 
У snar a 
Fe 
10 COS аг 





и dir 





“The quantities а. b. and c are corsten's: n is a positive imeger; y» is the value of v when е = €. 
Applying Eq. (3-68) to thc right side and Eq. (3-69) to the left side provides the 
Laplace transform: 

sa CR = КСА 


We solve this for the transform Za? 


S 


& = 





stk 


We now take the inverse transform, which converts Z4 to cA. From transform No. 
4 in Table 3-1, witha = —k, we obtain 

ta = ет“ 
which we know to be the correct result. 


‘Thus the Laplace transformation constitutes a method of integration. and а table 
of Laplace transforms plays a tole in this proccss that is analogous to a table of 
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integrals. It sometimes happens, of course, thata transform that arises in the solution. 
to a problem cannot be found in a table cf transforms. In such a case it is often 
possible, by algebraic munipulation, to place the transform in a form that permits 
the inverse transform to be taken. Гог the kinds of functions that arise in kinctics 
problems the following theorem, which we refer to as the general partial fraction 
theorem, іх very useful. This theorem (which we state without proof) applies to 
a transform that can be writen 


Hits) 
Gs) 








(G0) 
where H(5) and G(s) are polynomials in s, the degree of H(s) being lens then thut 
of G(s). If Gis) can be written in the form 

Glo} — 0 — «DG а) —ш) 13-70) 


where the a, 25, . . , a, must all be different, then 
5 H(a,) 
SAGs =) (a, a) la, uc аа) (s = ал 


(3-72) 











Tn Eq. (3-72), H(a,) is the function H(s) with s set equal to а, (in each term of the 
sum). Similarly, in the denominator, s is set equal to a, in G(s). Note, however, 
that the factor (s — ш) is missing in the denominator (this factor would be zero). 
Hence, one evaluates the rth term in the sum omitting the factor (s — a,) in the 
denominator. 

We illustrate with a anmerical example Suppose 





which can be written 





y- 


ss 5) 


This transform docs not appear in Table 3-1. Because it has the form of Eus. 
(3-70) and (4-71), with a, = П, o = — 5, we apply Eq. (3-72): 


zou ИЕ. do (530 
6-0 0-5 (+) CF 





wt 


PME 
By Җә? T 
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By taking inverse transorms ot the separate terms, using Nos. 1 and 4 of Table 
ЗЛ, we find y- 


1 
зе 5) 
у= 50+ 3е 50 


We now consider the solution of differential equations by means of Laplace 
transforms. We have already solved one equation, namely, the first-order rue 
equation, but the technique is capable of morc than this. It allows us to solve 
simultaneous differential equations, 

‘This is the procedure: From the postulated kinetic scheme we write the differential 
саю equations. Take the Laplace transforms of the differential cquations. Solve the 
resulting set of algebraic equations for the transforms of the concentrations. Then 
take the inverse transforms to obtain the concentrations as functions of time. 

Аз an example, we take Kinetic scheme DX, for which the differential rate egua- 
tions are 








de, 

uo che КАА] 
des 

iei] 3-74) 
а (3-4) 

Taking the transforms of these equations gives 

Üa- СА = kta (8) 
Ss = kta — Kin 03-76) 





where the initial conditions are сл = c and cy = (ut t = 0. Solve Eq. (3-75) 
Гог Za. place this in Eq. (3-76). and solve for co: 


hich 





Tt RNs + A) em 
The inverse transform is given by No. 6 in Table 3-1: 
и e (3-78) 





We ша] сакт obuiined this result by a different method. 
Notice that this method of solving differential equations yields the desired par- 
ticular solution, the initial conditions being introduced carly in the procedure. 
We next consider Scheme XIV, for which, in the preceding subsection, a partial 


soltinn was ohtsined "The scheme is rewritten here for convenience. 
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A B 
pc 
Scheme XIV 
The differential rate equations are 

а 

е T САА + kacs 

ас 

IEEE 


where k = kı + Js. Taking transforms gives Eqs. (3-81) and (3-82). 


SEa + Аб, — kite = ch 
Se ede d 
Solving Eq. (3-81) for c, gives 


= okt Аб 
=, -—— 
^ sth 





substituted into Eq. (3-82), which is solved for čp: 


Jak 


lki ++ kas + kka 











Equation (3-83) can be placed in the form 


2 S 
(s + ays + В) 





where 
aB = kik 


atp- ktk, th 


97 


(3-79) 


G-80) 


(3-81) 


em 


(3-83) 


(3-84) 


(3-85) 


(3-86) 
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Wath No. 6 ot ‘Lable 3-1, the inverse transformation yields 


А 
dee i [ o =] en 


‘This is a very interesting result. The time course is identical in form with that given 
by Eq. (3-78) for Scheme IX, but in Eq. (3-87) the rate parameters a end Ё arc 
not elementary rate constants, instead they are composite quantities defined by Eqs. 
(3 85) and (3-86). 

To find c, wc substiture Fq. (3-84) into Eq. (3-82) and find Су: 


z 600 98 


= Ga out т (3-88) 


We apply the general partial fraction theorem, Eq. (3-72), to Ец. (3-88), with 
a, = eu = -p 


z- kook Ce 





u- 3-89) 
аата e- pe B gm 
Using No. 4 of Table 3-1, 
“= ek [e — ale — (k — Ble Я (3-90) 
в-а 


{The transform Za can be found by alternative algebraic routes, and it will appear 
to be different from Ey. (3-89), and the inverse transform. will not appear to be 
identical to Fq. (3-90), but these differences in appearance result because the 
parameter: arc composite quantities.| 

Evidently for any system of linear differential equations with constant coefficients 
the Laplace transform cclution is possible in principle. In practice there are two 
stages of potential difficulty: The first of these is the solution of the simultaneous 
algebraic equations for the transforms, and the second is the inverse transformation. 
The algvbraiv үш cau be sulved Ly any standad meted. Iu the precoding 
solution the method of climination was used, and this is effective if there are not 
more than three unknowns. Kor larger systems solution by matrix algebra may be 
preferable. ‘Lhe inverse transformation step does not appear to be a serious problem 
in kinetics applications, because first-order reactions will give rise to sums of 
exponentials, and the general partial fraction theorem permits the transform to be 
expressed in a form convenient for the inverse transformation. 

Although a closed-form solution can thus be obtained by this method fer uny 
system of firs-order equations, the result is often too cumbersome to lead to es- 
timates of the rate constants from concentration—time data. However, the reverse 
calculation is always possible; that is, with numerical values of the rete constants, 
the concentration-time curve can be calculated. This provides the basis for a curve- 
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fitting approach to the evaluation of cate constants. The availability of the concen- 
tration—time function also allows nonlinear regression analysis to be applied. 

‘One further system will be solved by the transform method. Scheme XV con- 
stitutes two consecutive reversible first-order reactions, 





Scheme XV 


The differential rate equations are 





dea 

T = Ren + Ким (391) 
kien — а + сь + Kate (3-92) 

ас 

DE T hice kate (3-93) 


With the initial conditions c% = сд, cfi = 0, cè = 0, the mass bslanec relationship 
isQ = e, + Ca + сє. This is used in Eg. (3-92) to eliminate cc; then the Laplace 
transforms of (3-91) and (3-92) are taken. 

Ta = R= hen + Күн (3-94) 


kath 





S = (ky ka (Ka tkt kan + (3-95) 


Equation (3-94) is solved for Ta, and this i» substituted into (3-95), which is solved 
Tor Cee 








7 7 де + Uh ty + hy + kas + (ki + ikea + Pak] 





which can be written 


= AG + ky) 5 
T s+ OKs 1 BD eo 
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where 
at Pah thi +k + hy (3-97) 
OB = kik + kika + kaka 6-98) 





Applying the general partial fraction theorem, Eq. (5-72), to Eq. (3-96) and then 
taking inverse iransforms gives Eq. (3-09). 


ka | ko- о) (ka — B 
= yg |. RAH new -6r 
cs = kich [ T aos B Bep. (3-99) 


_ To find сд solve Eq. (3-94) for съ, substitute it into Eq. (3-95), and solve for 
Ta. The result is 


(3-100) 


nd kaks + sis + ту 
A T AVG + oXs +В) 


Where m = k, + ky + ko, and о and В have the meanings assigned by Eqs 
(3-97) and (3-98). Applying Eq. (3-72) and taking the inverse transforms, 





"e Kk, | hike от e) u kiko- Вт В) y 
ES [s UT aia с" Т BNET a 
6-101) 


Equation (3-101) іє a valid expression for ea, but sorne simplification is possible 
by combining the definition of m with Eqs. (3-97) and (3-98): 





5 Kaka | kilu — ka- Kay Ap — ka — Ао) 
CA = 6 + LES Be £ 
| oh quB C B= * | om 


The concentration cc is easily found by substituting Eqs. (3-99) and (3-102) into 


the muss bulunee expression: 


1 1 1 
се = ҺЬ& | ае = te - 
STA Е аа Б ар ] үр 
Lowry and John? studied Scheme XV and discussed the nature of the concen- 
tration-time curves, noting that the concentration of B will pass through a maximum 
if ky п, Whereas if 4; > Ay, it will nut display a maximum. 





Secular Equations and Eigenvalues 


Systems of reversible first-order reactions lead to sets of simultaneous linear dif- 
ferential equations with constant coefficients. A solution may he obtained by means 
of а matrix formulation thet is widely used in quantum mechanics and vibrational 
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spectroscopy." The method was applied te kinetics problems by Zwobuski and 
Eyring" and Mutsen and Franklin. It hus been generalized by Benson," P? 972 
Ritchie," and Carpenter." When the method is expressed in its full mathematical 
generality, the connection between the mathematics and experiment may be difficult. 
to discern, so here we will develop the method by treating some specific examples 
in order that the physical content will be more readily evident. 

First, we consider Scheme 1, a single reversible first-order reaction; Eyring et 
al." treated this case. 





The differential rate equations are 
сд = kea + К (3-104) 
ch = йс, kuz, 6-105) 
= deat. In matrix notation these equations become 
(°C 2320) 
> k -k, СЯ 


the parentheses denoting matrices; more succinctly, 











“= 63-106) 





Equation (3-106) is a simple first-order equation, whose solution is 
e = Je” 


where boldtace symbols represent matrices. 
This result shows that we cen write particular solutions to Eqs. (3-104) and 
(3-105) as 
arhe ке (3-107) 
where A is a parameter that is, at present, an unknown function cf the elementary 
rate constants. General solutions are then constructed as linear combinations of 
particular solutiors; for this problem. 


ex = ae P + dae 


(3-108) 
tz = Ine buy 
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From Eqs. (3-107) we obtain 

= eM: do Ade (3-109) 
Substituting Eqs. (3-107) and (3-109) into (3-104) and (3-105) yields the simul- 
tancous homogencous algebraic equations (3-110). 
Hos —kdzg-0 
Me д вл 
АЈА 1 (Ra — Mz = 0 


These equations arc satisfied if J, — 0, Jz = 0, bur this trivial solution is of no 
interest, Tovarsure а nontrivial solution, itis sufficient to require that the determinart 
of the coefficients of J and Jz be equal to zero, namely, 


ski 
ki- 





E-D 





Equation (3-111) is the secular equation for this problem. [Pauling and Wilson” 
discuss the mening of the term secular in this context. | Expansion of the deter 
minant gives a polynomial in А thut is called the characteristic equation: 





N--kgk-ü (3-112) 


Evidently the roots of this characteristic equation are 





ЖА, 


The roots of the characteristic equation are called the eigenvalues of the secular 
equation. 

To generalize our findings thus far: If the system contains n chemical states, 
there will be n differential rate equations, of which п — 1 are independent. The 
secular cquation is an zth-order determinant, and the characteristic equation is an 
ath degree polynomial in А, The roots Ay, Az, . . . A, arc the 7 eigenvalues of the 
determinant. One of the eigenvalues will be zero (corresponding to one of the rate 
‘equations being not independent); the remaining n — 1 eigenvalues are functions 
of the elementary rate constants, These statements apply to reversible reactions. 

We continue by substituting the eigenvalues, in turn, into the algcbraie equations 
G-110). Because these eyuatiuns are not independent, it is not possible to solve 
uniquely for the individual JA. Jz values; only ratios сип be obtained, ав follows: 


m= 0 kida = kida 6-113) 


Meek t ha da = dr апау 


COMILICATED RATE EQUATIONS 93 


Equations (3-113) and (3-114) are substituted into the general solutions, Eqs. 
G-108): 


» а 
ea = Age + Гое cas 
М EY эм 
DLE EL 
ka 


ieee of information, namely, the initial conditions. Let 


We have one further 
using these conditions allows Z1 and Taz to be evaluated, 


сл = 06: = Üatt 











(8.16) 





where K = АИК, the equilibrium constant for the reaction. The solution is, 
therefore, 








PER ape ay 
xe 

TER, (3-117) 
nc «tar 
КЕТ: 





To put this into а more familiar form, let г = *; then ca — ch, А = CR! 
а + К), ud 
к 


гек 


etae 





e s 
When = 0. ca — ch = R 6 = КОМП + K). giving 
oa — = (CA d)e t (3-118) 


which is identical to Ky. (3-4). 
Next we apply this method to Scheme XV. 


Scheme XV 
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Frost aud Pearson‘! treated Scheme ХУ by the cigenvalue method, апа we have 
solved it by the method of Laplace transforms in the preceding subsection. The 
differential rate equztions are 

ch = hey + kicn 
ca = kien = (ki + Roy arc 


= kare = hae 


Following exactly the procedure applied in the cerlicr example, these differential 


‘equations are ten: 





rmed into ilgebruie equations 
(hy = a АЉ = 0 


Skida + (ka + ds = Xs — ke 


0° @-119) 
Skada + (Ka — № = 0 


‘The secular equation is. therefore. 





whe 0 
Arik М ka|-9 09-120) 
-h ka= 


‘The characteristic equation is 


AS- Kkiki +h + ka) + МАА + kika + kika = 0 





The rots of the equation атс. 


м=0 
X = М + (ME — AN] (3-122) 
NEAM (М2 ANY!) 


where 


Mak tkiththe 


(3-123) 
N = lyk + kik + hike 


We digress briefly to find how the eigenvalues are related то the rate constants. 
From Eqs. (3-122) and (3-123), 
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MIM =e thy thet ke (3-124) 
Dads = kike + kika + kika (3-125) 


Comparison of Eqs. (3-124) and (3-125) with Eqs. (3-97) and (3-98) shows that 
M + M = а + Band dads = ор, where o and р sre the rate parameters that 
arise in the Laplace transform method o: solution. 

Continuing, we successively substitute by, А, and As into Eqs. (3-119) (actually 
into the first and third of these, for simplicity) and express the Js; and Je, in terms 
of the Ja, (Where i = 1,2,3). We find these results 


(3-126) 





Now Eqs. (3-126) arc used in the general solutions, which can he summarized cr 
а = 5 лет GM 
^ 
where X = A, B, C and i = 1, 2, 3. This gives 


CA = Ja t Jag + Jagen (- 283) 


= 


1 





) Jae (3-4286) 








ky = M) 


ЖАЙ: ча Жыр VM 1280) 
Ji li mm z] ae (3-128) 


Next the initial conditions are imposed; let ca = cA, св = 0, cc = Ott = б. 
Substitution into Eqs. (3-128) gives three equations in the three unknowns Ja: Jaz. 
1 














dod 6209 
NT CERES ky = hy ы 

0- Edu ( Z ) tis + ( = | be (3-129) 
_һе, | A = | kalki №) | s 

ши =ч [а ЕЙ рате OO 
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Equutions (3-129) arc solved [with the usc of Eqs. (3-124) and (3-125)] to give 





_ Shake 
(Mh 
_ ФА» - k — ko) 
Ju 
S Js — X) NES 
«К + Ko — A 
Ja = ТЕ ш нз 


Ms =) 


Then Eqs. (3-130) arc substituted into Eqs. (3-128), giving ca. ca, and cy us 
functions of time. The final expressions are not written here because we have alrcady 
derived them by the Laplace transform method, they are Eqs. (3-99), (3-101), and 
(3-103), with А» end А replacing о and ($ 

Та the context of chemical kinetics, the cigenveluc technique and the method of 
Laplace transforms have similar capabilities, and a choice between them is largely 
dependent upon the amount of algebrsic lsbor required to reach the final result. 
Carpenter discusses matrix operations that can reduce the manipulations required 
to proceed from the eigenvalues to the concentration time functions. When dealing 
with complex reactions that include irreversible steps by the eigenvalue method, 
the system should be treated as an equilibrium system, and then the desired special 
case derived from the ылыо woul. Tur suti раси this Laplace «ansforn 
method is more efficient. 


The Preequilibrium Assumption 


Scheme XVI is more difficult to analyze then are any of the kinctic schemes treated 
carlier in this chapter. because it includes а second-order reaction 





Scheme XVI 
‘The rate of reaction, expressed as the rate of product formation, is 
v= Kee 6-131) 


The problem can be greatly sumplilied if k; and K; are much larger than ky, for 
then it will be rezsorable to assume that the reaction of A and B to form € is 
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essentially always ar equilibrium. That is, with this equilibrium assumption tie 
concentration of C is considered to be determined solely by the equilibrium, being 


unperturbed by the & step of the scheme 
Furst, consider the nature of equilibrium trom the kinetic viewpoint. If the reaction 


Ав = Сс 
к. 


is ut thermodynamic equilibrium, tke rate of the forward reaction is equal to the 
rate of the reverse reaction, ог 


kitatu = Кусс (3-132) 
Because the equihibrum constant X is given by єосдев, we obtain 


к= (3-133) 


Now the equilibrium assumption is applied to Scheme X VI. From the above con- 
siderations, се = Келер, which, combined with Eq. (3-131), gives 





= kok cace (3-134) 


showing that the rate of reaction is described by a simple second-order rate equation 
A great simplification has been provided by the equilibrium assumption. 

A system of this type is commonly said to possess a fast preequilibrium step. 
Proton transfers constitute а very important class of fast preequilibria, as illustrated 
by Scheme XVII for acid-catalyzed ester hydrolysis. 





о +OH 
I tast І 
ROO OR! а ноа коке 
гон +0H 


1 Slow 1 
R—C—OR + ILO — — — R-C—OII + R'OlI 


Scheme XVII 


The terms fast and slow are relative. (Ihe bycrolysis step is followed by another 
fast proton transfer, but this has no effect on the rate of hydrolysis.) 
In order to obtain a better sense of the range of validity of the equilibrium 
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C/C 




















05 10 15 
Ms 





ге M9. Comparison of exact solutions and the presxoiliriur assumption fur Scheme XIV. For 
^f the calculations the values ky = 10 1, ky = 5 s^ were used. The ka values are given in the 
figure. The ка solutions were obtained with Eq. (2-135) and the арргокйпиге solution (corresponding. 
ло = бу with Eq. (3-136). 





assumption, consider Scheme XIV, for which a quantitative description was achieved 
carlicr by means of Laplace паньГошиь (р. 87). 





‘Scheme XIV 


By combining Eqs. (3-87) ard (3-90), Ey. (3-135) is obtained as an exact solution 
for the ratio сыс. 


~ 
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& 


Е 
“ la Eje" — (a = ғ] 


[From Eqs. (3-85) and (3-86), aB = Ky ааа + B — ki + Ka + kal The 
equilibrium assumption gives for this ratio of corcentrations 


6-135) 





8-136) 





Figure 3-9 shows plots of Eqs. (3-135) and (3-136) for some hypothetical systems. 
Obviously the equilibrium approximation is poor in the erly stipes of the reaction, 
but in the Tater stages the assumption can be quite good. The preequilibrium as- 
sumption, applied to Scheme XIV, amounts to the statement that f is negligible 
relative to ky and ky 

‘The “time scele” of a phenomenon whose characteristic quantity has the units 
seconds" is given by the reciprocal of that quantity. In the present context, therefore, 
we can state that the preequilibrium assumption is valid if the A = R reaction is. 
very fast on the: time: scale (П) of the В — C reaction. 

Scheme XVIII introduces another feature, for this is a cyclic kinetic scheme. 

k 
A Е в 


Ае” f 


Scheme ХУШ. 





This system is capable of attaining thermodynamic equilibrium with respect to all 
states. [This statcment is amplified in Section 3.3, p. 125. | The equilibrium constants 
aw di 








Ky = kika = сус 
К» = ЫК = colon 


dyks = смсс 


^ 
" 


Jt follows that ККК = 1, and, therefore, 
kiloka = К Gam 
Fquation (3-137) is à general result for this kinetic scheme; it means thet only five 


of the six rate constants are independent. 
An exsct solution of Scheme ХУШ can be found by either the Laplace transform 
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or the eigenvalue method. However, 17 one of the three equilibria is achieved much 
more rapidly than the other two, the preequilibeium assumption leads to а simple 
result. Suppose that А, and А, are much larger than the other rate constants, so 
that the A, В, pair cen be assumed to be in equilibrium throughout the reaction. 
"The rate of change of cc is 





dec 
К< = kaa + keg — lka + k 
WE T beta + keu = (Ka e 


апа we have, from the equilibrium assumption, ca = Kca. Letthe initial conditions 


be ca = Ф, св = 0. ce = 0; then the mass balance relationship is cA = ca + 
Cp 1 єс. Therelore, ca and cy can be eliminated fom the rate equation to give 


We at hee (хаза) 





» coh IEEE 
“DTK 





Equation (3-138) is easily integrated, giving a monoexponential time dependence. 
Further discussion of the preequilibrium assumption is given in the next subsec- 
чоп. 


The Steady-State Approximation 





Again we make use of Scheme XIV. Letting с; = de/dt, the differential rate 


‘equations arc 
ch = —kica + kaca (3-139) 
єў = kien — (hy + e (3-140) 
6-14) 





Now suppose that the rate constents have values such that the rate ot change ot cy 
is very small relative to the rates of change of other concentrations; then in the 
conventional formulation it is steted thet cy is at "steady stato,” and the assumption 
ch = 0 is made. With this assumption and Eq. (3-140) we find 


ke 
th 


ъ= 





6132) 





COMPLICATED RATE EQUATIONS 101 


Using Eq. (3-142) in the rate equations for сд and сё yields. 


EN 





(3-143) 








‘Tie комі displays the observed базме rate 
constant being equal to (Е, + ka) 

“This procedure constitutes an application of the steady-state approximation [also 
called the quast-steady-state approximation, the Bodenstein approximation, or 
the stationery-suite hypothesis]. |t is a powerful method Гог the simplification of 
complicated rate equations, but because it is an approximation, it is not always 
valid. Somctimes the inapplicability of the steady-state approximation is casily 
detected; for example, Еф. (3-143) predicts simple first-ouler behavior, and sig- 
nificant deviation from this behavior is evidence thet the approximation cannot be 
applied. In more complex systems the validity of the stcedy-statc approximation 
may be difficult to assess, Because it is an approximation in wide use, much criticel 
attention has been directed to the steady-state hypothesis 

Consider further Scheme XIV and rate equations (3-139) to (3-141). Evidently 
сь Will be small relative to (ca + ce) if (k, + ka) > kı. Then В plays the role 
of a “reactive intermediate” in the overall reaction A.— C. This is the usual condition 
that is taken as а warrant for the application of the steady-state approximation 
If cy is small, it is reesonable that су will be small throughout most the reaction, 

is set equal to zero, As Wong (53) ha: pointed out, however, tie чалы 
ch = О is a sufficient but unnecessary condition for Fq. (3-142) to hold. From 
Eq. (3-140) we obtain 





imple first-ordcr kinetics, wi 











kiea = i 
kith 





a= 


‘The sufficient and necessary condition is therefore ch & kica. AS a consequence 
of imposing the more restrictive condition, which is obviously not correct throughout 
most of the reaction, it is possible for mathematical inconsistencies to arise in 
Kinetic treatments based on the steady-state approximation. (The condition ch = 
0 is exact only ш he moment when cp passes through an extremum and at equi- 
librium.) 

When renctions cther than first-order processes are included in the kinetic scheme, 
Teactant concentrations may appear in the denominator of the rate equation. Scheme 
XIX is an cxample. 
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The rete equations aue 
ch = —Юсхев + Касс 

ct = heats — Kate — accen 
ch = се 


Applying the steady-state approximation to С gives 


ELS 
[rrr 6-144) 
Equation (3-144) substituted in the rate equations for A and Z yields 
‚ _ KREation 
ые TL 6-145) 





A study of this system often is carried out with pseudo-order conditions relative 
to D. Then the apparent second-order rate constant is piven hy Fq. (3-146) 


6-146) 





Observe that kyp, shows a hyperholic dependence on cy; when ср is very small, 
Kap 16 a linear function of cp, whereas at high values of €p, Kapp is independent ol 
в 
‘The simplest kinetic scheme that can account for enzyme-catzlyzcd reactions is 

Scheme XX, where E represents the enzyme, S is the substrate, P is a product, 
and ES is an enzyme-substrate complex. 

Li 

£E+s=f5 
£a 


ESS P +E 
Scheme XX 


Proceeding in the usval wey to apply the steady-state approximation to the complex 
ES: 


SS = [EIS] — (ks + АЕ] = 0 
[ES] — АЙЕ) G-147) 


ktk 
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‘The mass balance expression for the enzyme ts 
E, = [E] + [ESI (3-148) 


which. combined with Eq. (3-147) to eliminate [E], gives 








È KEASI 
IES] = Et & + KAPSI (3-149) 
The rate of rescticn is defined v = ДРЮ, = AES], or 
вын 
ky + k + BISI 
which is usually wrinen 
VSI 
-——— -150 
+ 15] (3-150) 
where 
Ven = kabr 
+h 
ad 0-15 





ki 


Equation (3-150) is the Michuelis-Menten equction, Vs, is the maximum velocity 
(for the enzyme concentration Е), and K,, is the Michaelis constant. 

Several features of this treatment arc of interest. Compare the denominators of 
Eqs. (3-147) and (3-149), Miller һам pointed out that the form of Eq. (3-147) is 
usually scen in chemical applications of the steady-state approximation, whereas 
the form of Eq. (3-149) appears in biochemical applications. The difference arises 
from the manner im Which one uses the mass balance expressions, and this depends 
upon the type of system being studied and the information available. 

The Michaelis-Menten equation is, like Eq. (3-146), a rectangular hyperbole, 
and it can be cast into three linear plotting forms. The deuble-reciprocal form, Ед. 
(9-152), is called the Lineweavci-Durk. plot iu сидуше Kinetico,“ 





52) 





Usually initial rates are measured in enzyme kinetics so as to avoid problems arising 
from kinetic complications such as product inhibitien. 

The Michaclis constant has the units of a dissociation constant; however, the 
dissociation constant of the enzyme—substrate complex is К/К. which is not equal 
10 K, unless ky > ka. 
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The quantitative description of enzyme kinetics has been developed in great detail 
by applying the steady-state approximation to all intermediate forms of the enzyme. 
Some of the Kinetic schemes are extremely complex, and even with the wid of the 
steady-state treatment the algebraic manipulations are lormidable. Kineticists have, 
therefore, developed ingenious schemes for writing down the steady-state rate equa- 
tions dircctly from the kinetic scheme without carrying cut the intermediate alge- 
ra sess 

One way to examine the validity of the steady-state approximation is to compare 
concentration-time curves calculated with exact solutions and with steady-state 
solutions. Figure 3-10 shows such a comparison for Scheme ХТУ and the parameters, 
ki = 0.01 s", ka = 18", о = 257. The period during which the concentration 
of the intermediste huilds np from its initial value of zero to the quasi-steady-state 
when сыф is very small is called the pre-steady-stare or transient stage; їп Fig- 
3-10 this lasts for about 2 s. For the remainder of the reaction (over 500 s) the 


Steady state and cnuct solutions are in excellent agreement Йссазел the 

















Steady-slaie solution 


< 





, Exact solution 
at fe- 


1M CR) 








or 1 





nj 
ul 


Ms 


Figure 3:10. Солано of steady-state and cxuet solutions Lor the concentration af irtermdine R 
«тїшїмє to Д0 for Scheme XIV, where Ay = OUL s, E, = 1571, = 2. The exact solution 
was obtained with Eq. (387), the steady-state solution with Eg. (3-142), where ca was calculated with 
Le. бэл 
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tration of imermediate eventuzlly goes to zero, it is obvious that d'eg/dr # О over 
most of the course of the reaction, but it is certainly very small. Calculations of 
this type have been published by many authors.°*®? 

In the preceding subsection we described the preequilibrium assumption. Let us 
now sec how that assumption is related to the steady-state approximation. Scheme 
XIV will serve for the discussion, The equilibrium and steady-state expressions for 
the intermediate concentration are 


G-153) 


(3-154) 








її, therrinre, appesre that the eaitihrinm approrimation is а special саке of the 
steady-state approximation,” namely, the case А , > ky. This may be, but it is 
possible for the equilibrium approximation to be valid when the steady-state ap- 
Proximution is not. Consider the extreme but real example of an acid-base pro 
equilibrium, which on the time scale of the following slow step is practically 
instantancous. Suppose some kind of forcing function were to be applied to cas 
causing it tu undergo large ап! sudden variations; then cs would follow ca almost 
immediately. according to Eq. (3-153). The equilibrium description would be very 
accurate, but the wide variations in c; would vitiate the steady-state description. 
Abere appear to be three classes o! practical behavior, zs defined by these conditions: 


1. Steady state ha +k) > hy 
2. Preequilibrum А >k, and 
kimk 


3. Both steady state (kı + А) 9 Kj — and 
and equilibrium k; 2 kz and 
DES 


(ОҒ course it is also possible for a reaction system not to belong to any of these 
lasses ot approximate description.) Only in class Ш can equilibrium bc said to be 
а special case of the steady-state treatment. Note that, for сїнє FIT systems, the 
Steady-state concentration of intermediate is very large, whereas for class I it is 
very small. Zuman and Patel have discussed the equilibrium und steady-state 
spproximatiens in terms similar to the present treatment. 


Numerical Integration 


‘We have seen that a kinetic scheme does not have to be very complex helore expli 
solutions for concentrations as functions cf time become difficult or impossible to 
obtain. Even with those complex schemes for which solutions are possible, the 
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equations may be too complicated to permit rate constants to be evaluated from 
experimenta] concentration—time curves. In these circumstances we must fall back 
on techniques that are essentially curve-fitting procedures and that involve some 
degree of approximation 

Tf an analytical solution is available, the method of nonlinear regression analysis 
сап be applied: this approach is descrined in Chapter 2 and is not treated further. 
here. The remainder of the present section deals with the analysis of kinetic schemes 
for which explicit solutions are either unavailable or unhelpful. First, the technique 
of numerical integration is introduced. 

To develop the ideas we take the simple first-order rate equation as an example, 
namely, dcidi = ~k. Let c = y, t =x, so 


dy 


Solik ў 
d o (3-155) 


We approximate differentials with increments, and all subsequent expressions аге. 
therefore, approximate. Equation (3-155) becomes 


н -h (3-156) 





A uniform time interval Ax = й is taken. The only information needed is an initial 
value (uuu) tine! an catamate ef A. Define 


Ay = y уо (0-157) 
Ах х-н (3.158) 


so that у is the value of the dependent variable at the end of the first interval. The 
Procedure со! of making, an approximation of Ay/Ax across the interval A ond. 
calculating yy; then у, becomes the initial value for the approximation of уз across 
the next interval, and so on. 

From Eqs. (3-156) ard (3-158) we have Ay = —hky, which, combined with 
(2-156) and (3-157), gives 





= E 
nc» (2) 8-159 


Equation (3-159) is the basic relationship cf this method. Several techniques heve 
been developed for the estimation of Ay/Ax. The simplest of these, known as 
Euler's method, is to cvilunte Ay/Ax ct xy. From Ба. (3 156), this gives (Ap/A à) 


— = byo, which, used in Eq. (3-159). yields 


у Yo = Myo (3-160) 
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Figure 311. An arbitrary function y 
showing the relationship of Ay 
X% k X Aso 






This method is subject to considerable error, because y = yp only at the beginning 
of the interval. lt can be improved by taking an average value of y across the 
interval. The graphical prubleu: is shuwa in Fig. 3-11. Iu йж: Euler method Дуал 
is cvalusted at point Po and applied throughout the interval. We can obtain a better 
estimate by using as Ay/Ax in Eq. (3-159) am averuge of the values at points 
Ро and Py. We have (AY/AX)o = —&yo and (ANAA), — —Kw, S0 (AVAX )a = 
буо + Y/2, where (Ay/Az),, is the meen value 

We know yo, but y, is at present unknown. However, an estimate is available in 
Eq. (3-160), giving 





Ау уь 
Tt = К iw 5-161) 
(2). ERIS t 
Equition (4 161) is then used in By. (3 150) 
EP; 
yen de Hos 1 = (3-162) 


Equation (3-162) should be compared with Eq. (3-100). 

This improved procedure is an example of the Runge-Kutta method of numerical 
imegretion.” Because the derivative was evaluated at two points in the interval, 
this is called а second order Runge-Kutta process. We chose to evaluate the mean 
derivative at points Po and Р, but because there is an infinite member of points in 
the interval, an infinite number of choices for the two points could have been made. 
їп cslenlating the average for sich choices appropriate weights must be assigned. 

Morc than two points can be used in the Runge-Kutte method, and the fourth- 
order Runge-Kutta integration is commonly employed. Obviously computers are 
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used tor these calculations. The error in ап nth order Runge-Kutta integration is of 
the order of magnitude h**!. Schemes have been devised to simplify the arrangement 
of the calculations and to supply the weighting factors 5* 

Complex reactions require the solution of simultaneous differential equa- 
tions, and the Runge-Kutta procedure is applicable to these problems. To il- 
lustrate the method, Scheme XIV will be used. The rate equations are, in in- 
cremental form, 


E = -kytky 
- 6-163) 
Lu 


wo ky- ke 





where x = у = cg 2 = tuk = ky + ka 
Proceeding as before, we define # = Ах, y, — yo = Ау, zı — zo — à, and 
‘obtain, as in thc carlicr development. 


Ay 
у = Yo + (2) 


ла 
oe Ax, 





G-161) 


A second-order treatment will be given, the derivatives being evaluated at (xj. dus 
zo) and (xi, уу, 21). From Eqs. (3-163), 


(yAxk = — hyo + Кас 
(3-165) 


(А24х) = һу — kzo 
und 


(ду/Аху, = —Му, + Кал 
(3-166) 


(WIAD), -ir 





The quantities y, and 2, arc evaluated with Eqs. (3-164) at Pa. These are used in 
Гр. (3-166). Then Шш means are calculated with 





(vADey = (Ау/Ах 4 (AvAx) 
167) 


(AIA, = МОАХ + (А204 х) 
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Equations (3-167) are used in Eqs. (3-164), yielding 


т 
т = ж — КЁ» + Кы) + y yo + kikao — Бадо — Kan) 
(3-168) 


Ld 
т ay + Ауу dev) у Ute ! Ky kikao ш 


analyzing kinetic data by numerical integration, is ta postulate 
cheme, write the differential rate equations, assume estimates 
for the rate constants, and then fo carry out the integration for comparison of the 
esleuluted concentration-time curves with the experimental results. The parameters 
(rate constants) аге adjusted to achieve an acceptable fit to the date. Carpen- 
Хей ^7! shows some numerical calculations. Farrow and Fdelson?! and Porter 
and Skinner? used numerical integration to test the validity uf Шю stcutly-suste: 
approximation in complex reactions. 

It is possible for numerical integration to fail, in the sense of yielding physically 
meaningless results, for ccrtain combinations of coupled equations. Пи can occur 
when different reactions in a kinetic scheme have greatly different time scales. An 
important example is a reaction system to which the steady-state approximation is 
applicable, the rate of change of an intermediate concentration being essentially 
Zero ах a consequence of two very large opposing fluxcs. Then very small changes 
in initial concitions may result in grossly different numerical results. Such equations 
are said to be "stiff." Curtiss and Hirschfelder? called attention to the problem of 
stiffness in numerical integration, and several computer programs capable of in- 
tcgrating stiff equations are available 7? 








Monte Carlo Simulation 


The Monte Carle or stochastic method for constructing concentration-time curves 
is based on the statistics of random events applied to large numbers. Schaad^! 
described the method for complex kinetic schemes, and it has since been adapted 
Го waching purposes using papcr-and-pencil,”* pegs-and-pegboard, " and computer 
techniques.” The digital compmier is the idenl tool for carrying out Monte Carlo 
simulations, but for the purpose of outlining the method here à manual technique 
is very satisfactory 

strate the technique we will trout Scheme 1X: 











A 
ASB 


m 


вес 


Scheme IX. 
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For manual calculations 100 molecules ©! reactant is convenient. Uur "reaction. 
flask" is а 10 х 10 grid or matrix, the spaces (cells) in the grid being numbered 
from 00 to 99. For Scheme IX we need three grids, one for each species: 





A | 44] B J| € 

















As the initial conditions choose | Ala 100, [Bh = 0, [Ch = 0, the brackets 
representing mole percent, which is numerically equal to the number of molecules 
in а grid, because each grid contains 100 spaces. At zero time we load 100 "mol- 
ecules” o A in prid A, hy writing an А in each of the 10D cells nf the prid 

A reaction is simulated by making random selections from the grid. From a table 
of random numbers, atwo-digit random numberis selected. If the cell correspondi 
to thio mbar in cusupied by an A, tho A it aroeced off (it “ronte”) und a Ы їз 
written in the corresponding space in the B grid. If the random number identifies 
cell that does not contain an A or that contains а crossed-off A, no reaction occurs 
and no action is iken. 

We need these definitions: 





т Number cf selections on grid A per cycle. 
na Number of selections on grid B per cycle. 
m Number of cycles. 


In order to begin, wc choose valucs for n, and n>, which is equivalent to defining 
the rate constant ratio K,/;, namely, k/k, = лут; = r. For this illustrative example 
the values л, = 9, m = 3 were chosen. The operation is to make nine selections 


Mole percent 








Figure 3-12. Monte Corio simulation of Seherse TX with m = 9, т; = 3 [Ah = 100. [Bp = 0, 
ҮС. = D. This is the average of two runs. The smooth ires were calculated with Eqs. (3-173) and 
ere 
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un grid A followed by three selections on grid B. This constitutes one cycle. At 
the conclusion of cach cycle the numbers of A, B, and C molecules are counted 
and tabulated, The process is repented until the course of the reaction hus been 
adequately defined. A plot is made of numbers of molecules per grid against m, 
the number of cycles. 

Figure 3-12 shows such a plot for the simulation described above. (The fuctua- 
tions сап be reduced by averaging identical simulations, and the figure shows the 
average of two simulations.) 

To see the connection between this stochastic process and a chemically reacting. 
system, consider the first step of Scheme IX. Each (rcal) molecule of A has an 
qual and constant probability of reacting in time £ In the simulation, esch position 
in the grid has an equal and constant probability (p) of being selected. For this 
first-order reaction, the chemical system is described by 








ЕТ ш = 4 
а= ыса ша = ht (3-169) 
The analogous equations in the simulation system are 
ФА _ tal 
аа T PMMA Мр = opum G1) 





Supposing that the simulation mimice the ubernintry, then, 
kt = рат ва) 
Figure 3-13 is thc semilogarithmic plot according to Eq. (3-170) for the reaction 
of A in Fig. 3-12. The slope of the plot is — 0.090, in agrccment with the values 
p = Ош and m = У. 
In the same way we write for the second step of the reaction 
ka = man (3-172) 


With Eas. (3-171) and (3-172). and the definition r = kiika. Eqs. (3-24) and 
(3-27) for c, and сь become, for the simulation, 


ГАІ 


Ар" (3-173) 
[в] _ т mn 
ТАБ е -e (3-174) 





‘The smooth lines in Fig. 3-12 were calculated with Eqs. (3-173) and (3-174), the 
values ОЁТСУГА)о being obtained from the mass balance. The fit is quite reasonable 
for such a simple procedure. 


112 KENNETH А. сомчона 





n (ГАЈА) 














5 [9] 15 


nu 





Figure 3-13, First-order plo: of simulated data for reactant А in Fig. 3-12. 


The simulation may be expressed in reaction time (1) rather than cycles (m) by 
assigning absolute values of m, n», A, ond ke, consistent with Eqs. (3-171) and 
(3-172). Then these equations relate t to тп, In this way rate constant estimates may 
te obtained by curve fitting the simulations to experimental results. 

‘Any combination of first-order reactions can be simulated by extension of this 
Procedure. Reversible reactions add only the feature that reacted species can be 
Tegercrated from their products. Second-order reactions introduce а new factor, for 
now two molecules must cach ће independently selected in order thar reaction occur; 
in the real situation the two molecules are in independent motion, and their collision 
must take place to cause reaction. We load the appropriate numbers of molecules 
into each of two grids. Now randomly select from the first grid, and then, separately, 
randomly select from the second grid. If in both selections a molecule exists at the 
respective selected sites, then reaction occurs and both are crossed out; if only one 
of the two selections results in selection of a molecule, no reaction occurs. (Of 
course, if pscudo-first-order conditions apply, a second-order reaction can be kan- 
dled just as is a first-order reaction.) 
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Kinetic schemes that include both first-order and second-order reactions possess 
ип ambiguity related to the different dimensions of the rate constants. We will use 
Scheme XXI to examine this 


хәр 
Scheme XXI 


Tn grid) fam the scheme Inoke like thie 








1 ^x] s[e 























Following Schaad, "! we write 


chemical rate of formation of 1 Ассы 
chemical rate of formation of X ko 





stochastic rate of formation ГЇ _ пАЛВ) 
stochastic rate of formation of Хт 





chemical rate of formation of X _ Деу 
chemical rate of formation of P Kc. 





Stochastic rate of formation of X _ ЫП 
stochastic rate of formation of P m[X] 


The chemical and stochastic concentrations are related by [A] = aca, etc. Com- 
bining these equations and equating the chemical and stochastic ratc ratios gives 





AL 

E 
тарау 
mod 
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from which is found 
А 
пет, = ы 3475) 
а 


Note that 2r, is the total number of selections made on prids А and B in ore cycle 
л being madc on grid A and n, on grid R. 

IF c, is the mole fraction of A, then a — 1. However, if су is expressed as а 
molarity, the value of а is calculated from the initial reactant concentrations. For 
example, suppose (Alo= 100, cA = 5.0 x 10^ M, [B], = 50, and ch = 2.5 x 
107M; then e = 2 х10%М'. 

The relative fluctuations in Monte Carlo simulations are of the order of magnitude 
М7, where N is the total number of molecules in the simulation” The observed 
error in kinetic simulations is about 1-29: when 10* molecules are used.” In the 
computer calculations dercribed by Schaad,”! the grids uf Ше technique shown here 
are replaced by computer memory, so the capacity of the memory is one limit on 
the maximum number of molecules. Other programs for stochastic simulation make 
use of diffcicul ruutes оГ calcularion, and the number ot molecules is not a limi- 
tation. 77" Enzyme kinetics’ and very complex oscillatory reactions have been 
modeled.” These simulations arc valuable for establishing whether a postulated 
Kinetic scheme is reasonable, tor examining the appearance of extrema or induction 
periods, upplicability of the steady-state approximation, and so on. Even the manual 
method is useful for such purposes. 

^ final comment on the interpretation of stochastic simulations: We are so ac- 
customed to writing continuous functions differential and integrated rale equ 
tions, commonly called deterministic rate equations —that our first impulse on 
viewing these stochastic calculations is to interpret them as approximations to the 
familiar continuous functions. However, we have got this the wrong way around. 
Оп a molecular level, events ure discrcte, not continuous. ‘The continuous functions 
work so well for us orly because we do experiments on very large numbers of 
molecules (typically 10-107). If we could experiment with very much smaller 
numbers of molecules, we would find that it is die cunitinunus functions that are 
approximations to the stochastic results. Gillespic" has developed the: stochastic 
theory of chemical kinetics without dependence on the deterministic rate equations 








Analog Simulation 


Before there were small digital computers, there were small analog computers. An 
analog computer is a device that can mimic mathematical equations with physical 
Processes. Fur exampic, hydrodynamic tow through a capillary car model the 
chemical kinetics of some renctions. 7 Most analog computers use clectrical ci 
cuitry, as in the computer designed by Frost and Tamres® to solve secular equations. 
For chemical kunelics applications, the interesting analog computer designs are those 
that represent differential cquations by means of clectrical circuits 

These circuits include components that carry out arithmetic operations, differ- 
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entiation, anc integration. They can be assembled to mode! a postulated kinetic 
scheme by “patching” together comporents that build up circuits analogous to the 
differential rate cquations describing the scheme. A voltage is applied linearly with 
time, and the resulting currents in the circuitry are analogous to concentration, In 
effect, the computer solves the differential equations, the current-voltage curves 
representing concentration—time curves, Values of rae constants are supplied by 
potentiometers, and these are adjusted until satisfaclory curve fits are obtained 
(presuming the kinetic scheme is appropriate to the problem), 

The method is quite effective, but is not widely used now because of the ubiquity 
of digital computers. Zuman and Patel "^! show circuit designs for some 
Kinetic schemes. Williams and Bruicc* made good use of the analog computer in 
their study of the reduction of pynivate by 1S-dihydroflavin. In this simulation 
cight rate constants were evaluated; variations in these parameters of +5% yielded 
discernibly poorer curve fits 
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Model Building 


Sections 3.1 and 3.2 considered this problem: Given a complex kinetic scheme, 
write the differential rate equations; find the integrated гас cquations or the con- 
centration time dependence of wavlants, іна паис, aud products; amd obtain 
estimates of the rate constants from experimertal data. Little was said, however. 
about how the kinetic scheme is to he selected. This subject might be dismissed 
by stating that onc makes use of experimental observations combined with chemical 
intuition to postulate a reasonable kinctic scheme: but this is not very helpful, so 
some amplification is provided here. 

їп a general way a kinetic study of reaction mechanism includes these four 


‘components: 


L.. Experimental kinetics. 
2. Determination ot the rate equation(s). 

Я Writing the kinetic scheme. 

4. Proposal of transition state structures, stereochemistries, and energetics. 


These steps may not proceed in the sequence shown, because з dillicult kinetic 
Problem may require cycling of attention among the steps as more is learned about 
the system, with corrections being made and tests of ideas being applied at cach 
‘Stage. In particular, steps 2 and 3 may be strongly interdependent. Our present 
concern is with these steps; Inter chapters deal with step 4. Edwards ct al.," 
Bunnett,** and Pearson™ have formulated provisional rules for proceeding from ће 
rate equation to the mechanism, which includes step 4. 

A postulated kinctic scheme is а model or hypothesis. In accord with Occam's 
razor, the model should be no more complex than is required to account for the 


116 KENNETH A CONNORS: 


experimental observations (which, hy extension, include the whole relevant body 
of chemistry). in the context of the present chapter, we presume that the evidence 
suggests that the system of interest is not an elementary reaction, although it may 
possess a simple rate equation. However, in general, we will nct yet know the tate 
equation(s), and the development of the kinetic scheme and the rale equation will 
proceed concurrently. As Section 3.2 demonstrated, we may be able to write 2 
talinfuctory kinetic scheme and yet be Unable te obtain a xate маш тн cxplictity 
expresses concentration as a function of time. 
We now consider some of the kinds of information that will be uscful. 


1. Background information on the reasonable and expected chemistry of the system. 
‘This is where chemical experience and intuition play a role. Knowledge of the 
Pertinent Шегашге is valuable. If the type of reaction has been studied earlier, these 
kinds of issues may be provisionally known: 

(а) Probuble occurrence and relative stability of intermediates 

(b) Reversibility or essential irreversibility of reaction steps. 

(с) Orders of magnitude of anticipated relative rates. 

(d) Possible validity of the preequilitrium or steady-state approximations (тес 
lated to item с) 

(©) Anticipated physicochemical properties (e.g... spectroscopic properties) of 
expected intermediates 
In deciding whether to write an elementary reaction as cither a reversible or an 
irreversible reaction, we take the practical view that il the reverse reaction is 
negligibly slow on the experimental time scale, the sativus i» coscntially inevers- 
ible. Consider the alkaline hydrolysis af an ester, for which the rate equation is 








Y = KonfRCOOR" [OH ] 


An abundance of mechanistic information in the literature suggests this scheme: 


R -COR > RCOO + ROH 





Among the available pieces of iuformation аге the observations that an alkaline 
solution of the carboxylic acid and alcohol does not generate the ester and that (for 
Tost esters) the postulated tetrahedral intermediate cannot be detected. Thus, the 
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overall reaction is irreversible, and the intermediate (if it cxtsts) is present ar very 
low concentration. (Obviously failure to detect an intermediate is not a demon- 
stration of its existence, but in this example there is independent evidence for the 
tetrahedral intermediate.) These considerations lead to Scheme XXII 


2. Direct detection of an intermediate. A nice example, the pyridine-catalyzed 
hydrolysis of ucetic anhydride, was discussed in Chapter 1. Spectroscopic techniques 
are of great value, because they do not perturb thc kinctic system, and because 
they are selective and sensitive. If the intermediate can be detected, the time course 
of its appearance and disappearance may be followed. 

Te show the type of inference that is possible from such observations, we use 


ylation of alcohols or water hy acetic anhydride or acetyl 








the example of the ne 
chloride, catalyzed by N-methylimidazole.*® When acetonitrile solutions of acetyl 
chloride and N-methylimidazole are mixed, the absorbance of the resulting solution 
is much greater than that calculated for the cum of the rouslant: At а given 
concentration of catalyst and varying concentrations of acetyl chleride, the same 
absorbance is produced (as long as the acetyl chloride is in excess), showing that 
the strongly absorbing substance is produced quantitatively. Ou the опет hand, 
when acetonitrile solutions of acetic anhydride and N-methylimidazole are mixed, 
absorption is observed. However, when water is added, strong UV 
absorption 15 seen, similar to that seen for acetyl chlonde under enhydrous con- 
ditions. 

Tt is inferred that intermediete formation can occur, and these experimental ob- 
servations suggest Scheme XXIII. 








ч 
AX+N = 1 +X 
Za 


A4IROH] кїкон] 
| 


i 


AOR + MX AOR + NH 


Scheme XXIII 


Here AX is the acetyl compound (acety! chloride or acetic anhydride), N 15 N- 
methylimidazole, I* is the intermediate (presumably A-acctyl-N'-mothylimidazo- 
lium ion), X is the counterion (chloride or acetate), and ROH is the шау! acceptor 
(Gloohol ot water). А gencral treatment of Scheme XXIII requires specification of 
the detailed nuture of Д and А] and is probably too complicated to be of practical 
usc. However, several important special cases may arise from the operation of the 
ratio ky/k a, the behavior of apparent rate constants k and A1, the relative magnitudes 
of ki and ki, the relative concentrations of the reactants, the method of observation, 
and the nature of ROH. These cases are outlined in Scheme XXIV 
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zero finite infinite 
ГЕ ТЕТ 
follow AX follow I* 

1 
small large 


steady state applicable 
to T*; follow AX 


= 


a kA = gible 
| 
1* not on Series reaction 
reaction path; (A—nD—C 
follow AX follow AX or I! 
Sthen KATY 


In this study the reactions were followed spectrophotemetricelly by monitoring the 
less of AX or I* with time, The initial concentration of hydroxy compound was 
at least 50 times thal of the acetylating agent, and psendo-first-onler behavior was 
Observed. This system will be discussed later. 


3. Indirect detection of un intermediate. The overall reaction of hydroxylamine 


ith a carboxylic acid derivative yields а hydronamie acid as the product, Fa. (3- 
176), 





о о 
I П Gane 
RCX + NH,OH — RCNHOH + HX 


When Jencks reacted Һуфгоху!шшше with p-nitrophenyl aceratc, p-nitrophenolate 
jon was released at a rate faster than thatat which acetohydroxamic acid was formed. 
This “burst effect” is evidence for а two-step reaction. In this case the intermediate 
is O-acctylydroxylamire, which subsequently reacts with hydroxylamine to form. 
the hydroxamic acid. 
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о о 
[| i 
RCOAr + NHOH — RCONH; + А + Н" 
о о 
1 ion 


RCONIL — ——. АСМПОН 


Scheme XXV. 


(К = CH; and AR = CHNO.) Actually Scheme XXV and Eq. (3-176) both take 
place, with some of the hydroxamic acid being formed directly and some via the 
intermediate. (Note that each ot these reactions 15 atseit complex, presumably oc- 
curring via a tetrahedral intermediate as shown in Scheme XXII for ester hydrolysis.) 

In general, if n reaction leads to two or mure products, and the products are not 
formed at equal rates, there must be an intermediate to account for the material 
balance. (The converse, of course, is not necessarily truc, for an intermediate may 
be present at vanishingly low concentrations and yet be kineticzlly important.) 


4. Kinetic evidence for a common intermediate. Suppose a series of related reactants 
each separately reacts with a common reagent, and the rates of product formation 
are the same for each reactant: 


^x 
AX BO AB + X 


by 


AY +B —> AB +Y 


iz 
AL Б ЭАВ +2 


Scheme XXVI 


Huis a reasonable inference that, if Ky = ky = kz, these rate corstants all describe 
the same reaction. namely. the reaction, in this example. of B with the common 
intermediate A*: 
AK 1 At UX 
A* + BAB 
Scheme XXVIT 


Еѕрепког? gives examples from inorganic chemistry. Jencks® describes enzyme- 
catalyzed rections in which the common intermediate is an acylated enzyme 
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$. Concentration -rime curves. Much f Sectivus 3.1 and 3.2 was devoted to math- 
‘ematical techniques for describing or simulating concentration as a function of time. 
Experimental concentration-time curves for reactants, intermediates, and products 
чап Le compared witi computed curves for reasonable kinetic schemes. Absolute 
concentrations arc most useful, but even instrument responses (such as absorbances) 
are very helpful. One hopes to identify characteristic features such as the formation 
and decay of intermediates, approach to an equnlibrium state. induction periods, an 
autocatnlytic growth phase, or simple kinetic behavior of certain phases of the 
reaction. Recall, for example, that for a series first-order reaction scheme, the loss 
of the initial reactant is simple first-order. Approximations to simple behavior may 
suggest justifiable mathematical assumptions that can simplify the quantitative de- 
scription. 

Figure 3-14 shows an induction period in the reaction of carbon suboxide 
(O=C=C=C=0) with triethylamine.” This reaction is complex and is not yet 





уот 
09 














ю 20 3 40 50 в 
Time / min 
Figure 3:14. Absortanee-time plots for the ration of carbon suboxide aad triethylamine ir ether 


solution ju the presence of acetic arhydiide. The imitat UO: concentration was 2.03 х 107 M, the 
umire concentrations vere 3 X 10* M, $ x 10° M, and 7 x 10 M. 
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understood, but clearly this kinetic behavior of a strongly absorbing product is а 
key observation. The length of the induction period, the maximum rate of product. 
formation, and the final product concentration аге all related to the triethylamine 
concentration. 

Considering the attention that we have given in this chapter to concentration- 
time curves of complex reactions, it may seem remarkable that many kinetic studies 
never generate a comprehensive set of complicated concentration time data, The 
reason lor this is that complex reactions often can be studied under simplified 
conditions constituting important special cases; for example, whenever feasible one 
chooses pseudo-firstorder conditions, and then one studies the dependence of the 
pseude-first-urder rale constant on variables other than time. This approach is 
amplified below. 





6. Dependence of apparent constants on concentration. We continue the consid- 
eration of Scheme XXIII by making chomically reasonable tentative 2clections of 
the forms of КА and А. First, consider the acetyl chloride-alcohol reaction. Because 
the spectral observations show that intermediate formation is essentially complete. 
this system belongs to the case in which K/K may be created as infinite (Scheme 
XXIV). The observed reaction is then 


1+ + ROH ROAc + NH* 


1i is pastukued ut ki is given by Eq. (3-177), where [IN] is Ue concentration uf 
N-methylimidazole 


ki = k + kiN] GAT 
The hypothetical rate equation is then 


дг] 
dr 





= (k + Ак INDE ПЕОН] 


‘Ihe experimental rate equation was found to te. —d[1' уш = Кып ], the plots 
being linear over the course of the reactions. Therefore, 


Бы 
[ROH] 





=k + АМ (3-178) 


Equation (3-178) suggests that a plot of Б, [ROLI] vs. [N] will be linear. Because 
the conversion to the intermediate is quantitative, |N] = [М — [AX|p. Plots 
according to Eq. (3 178) were linear, permitting А, and ky. to be estimated. 

Turning to the acetic anhydridc-alcohol system, it is inferred thet (in the absence 
of water) АЁ , is close to zero (Scheme XXIV). Although tbe intermediate could 
not be detected spectrally, its possible presence is admitted in the rate equation Гог 
the loss of anhydride: 
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АХ] 
SED L ШАХ + MIAXIIROH] — kl IEC] 


The assumption is made that all of the H^ produced in the acetylation is accepted 
by X^ (acetate); then [X] = 0, so this becomes 


AAXIIN] + A4[AXIIROHT 





‘This assumption can be justified. By hypothesis. kk = ka + kanlN]. The exper 
imental rate equation is — ДАХА! = ka [AX], so 


Кы — АМ] + А[ВОН) + K[ROHIUN] 





MC tn а series ОГ experiments dhe Catalyst Concentration i held comam. while the 


alcohol concentration is varied, the plotting form of Eq. (3-179) is used 








ae ГА 
Sw (20 ам) ROH 
INI (es ~) n П (3-179) 
whereas if [ROH] is kept constant and [NJ is varied, By. (3-180) can be used- 
Же ы ы ELSE AT 3-180) 
mon "^" (not) ee 


Thus, from the slopes anc intercepts of these two plots, the constants k, Ka, and 
kan сап be evaluated. It was found that k, and ka were not significantly different 
from zero. 

All of these rate equations can be succinctly expressed in the form of Scheme 
XXVI. 


a 
AX а Noch Tt 4 X 


макон] вов) 
Aan NIIROII һакшош 
products products 
Scheme XXVIII 


This manner of implicitly including the rete cquations in the kinetic scheme is very 
convenient, It is amplified with the statement that when AX is acetyl chloride, 
ЭЛК is very large and the reaction occurs essentially only via the 17 route. When. 
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АХ is acetic anhydride, &\/К , is zero. and the reaction occurs entirely via the AX 
route. 

A Kinetic scheme that is fully consistent with cxperimertal observations may yet 
be ambiguous in the sense that it may not be unique. An example was discussed 
earlier (Section 3.1, Consecutive Reactions), when it was shown that А, and А in 
Scheme IX may be interchanged without altering some of the rate equations; this 
is Ше slow-fast ambiguity. Additional examples of kinetically indistinguishable 
kinetic schemes have been discussed 7° The following subsection treats onc aspect 
of this problem. 


Kinetic Equivalence of Rate Terms 
Suppose sn experimental rate equation has the form 
v = МНА] (3-18) 
where HA is a weak Brfnsted acid. Because of the protonic equilibrium 
HASH + AC 


we have the acid dissociation constant Kua = ІН! ЈА MIHA], so [HA] = (НА) 
Kya. Thus Eq. (3-181) can also be written as 


„- ИНША! 
m 


= KIH NAT (3-182) 





The rate terms HHA] and АНАС) are said to be kinetically equivalent or 
Kinctically indistinguishable. ‘These is го purely kinetic basis upon which to make 
а choice between them; in Chapter 5 we will see why this is so, but а simple 
interpretation is that the two terms describe equivalent chemical compositions of 
atoms and charges. 

‘Another example is a second-order term containing the concentration of an acid 
and a base, say 





ЩПА]ГВ] (3-183) 


‘This is kinetically equivalent to 
v = KIA ПВН] Gama) 


where k' = Кен Kna. Suppose НА is а carboxylic acid and B is an amine; it 
may seem mast reasonable 10 write Eq. (3-183) for the rencrion, but men is no 
Kinetic reason to prefer this to the reaction of the carboxylate with the protonated 
amine, Eq. (3-184). 

When the elements of the solvent are involved, as in hydrolysis reactions in 
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succus пкайа, Kinetic equivalence ОГ тше terms may nor be so obvious. Tet a 
diprotic acid HA be the reactant, with the исе forms ПА. HA”, A® being subject 
to hydrolysis. Suppose uncatulyzed, acid-catalyzed, and base-catzlyzed reactions 
arc possible. Then rine reactions can be written, namely, 





1 
A> P 
2 
HA +I Sp 
HA + OW SP 
a 
HA = Р 
ПА + H* >P 
HA + OH S 
Ap 
А 
AX WP 
, B 
Ay + ОНР 


‘The elements of waler sre omitted because the concentration of water cannot be 
varied and, therefore, is not explicitly included їп the rate equation. A complete 
kinctic scheme requires only reactions 1, 2, 4, 7, aul 9, the vila icactiuus ae 
superfluous. For example, the mie тегт Ks[HoAT[OH ] is equivalent to [НАС], as 
is the term [Н JA]. 

In these circumstances a decision must be made: which of two (or more) kinet- 
ically equivalent rate tennis should be included in the rate equation and the kinetic 
scheme? (It will seléom be justified to include both terms, certainly not on kinetic 
grounds.) A useful procedure is to evaluate the rate constant using both of the 
kinetically equivalent forms. Now if onc of these constants (for а second-order 
reaction) is greater than about 10 M's’, the corresponding rate term can be 
rejected. This criterion is based on the theoretical estimate of a diffusion-conuolled 
reaction rate (this is described in Chapter 4). It is not physically reasonable that a 
chemical rate constant can be larger than the diffusion rate limit 

A weaker but more widely applicable criterion is that the rate constant estimate 
should be consistent with the body of experimental work on closely related reactions. 
A third fector is that of style, which is essentially equivalent to the contemporary 
state of mechanistic chemistry; it may sccm more reasonable to write a mechanism 
lor one of the forms than for the alternative. Styles change, however. 

Atlempts have been made to distinguish kinetically between ters эши ap tust 
in Eqs. (3-183) and (3-184) on the basis that their different charge types should 
lead to different salt effects upon the rate. This is futile. A fuller discussion is given 
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in Chapter &, where it is shown thar equitiuus (2-183) and (3-184) have identical 
хай effects: any differences ascribable to the concentralionterms are exactly canceled 
by the salt effects in the “constants.” 


Microscopic Reversibility and Detailed Balance 


Consider this clementary reversible reaction: 





According to the law of mass action the differential rate equation is 
v — durare Е са 


At equilibrium v = 0, the chemical fluxes in the forward and reverse directions 


arc equal, und we write 





AI. 185) 





where we call K the equilibrium constant of the reaction, Equation (3-185) requires 
the conclusion that only two of the three constants k,, K ,, and К are independent 


Now we write the complex system of Scheme XVII 





Scheme ХУШ 
In Section 3.2, p. 99, we had obtained, using the above argument, Eq. (3-186), 


К 





kaka (3-186) 


ог K,KoKs = 1, where А, = kfk ү. Thus wily five of dis sia ralc coustants are 
independent. 
These are applications of the principle of detailed huluncing, which can be stated: 


Ina system of connected reversible reactions at equilibrium, each reversible 
reaction is individually at equilibrium. 
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Detailed balance is a chemical application of the илле general principle of micro 
scopic reversibility, which has its basis in the mathematical conclusion thet the 
equations of mation are symmetric under time reversal. Thus, any particle trajectory 
in the time peiud — О ог = i undergues a reversal in ihe time period? = — 6 
ло? = 0, and the particle retraces its trajectory. In the field of chemical kinetics, 
this principle is sometimes slated in these equivalent forms: 








1. The transition state of an elementary reversible reaction in the forward direction 
is identical to the transition state in the reverse direction, or 

2. The mechanism of a reversible reaction in the rearward direction is identical to 
the mechanism in the forward direction run backward. 


For example, if a proton is donated to а base in the forward direction, the proton 
‘must be abstracted from the conjugate acid of the base in the reverse reaction. 

These ideas can exclude certain kinetic schemes as impossihilities ‘Thus, Scheme 
XVIII is possible, but Scheme XXIX is impossible, because B is formed directly 
from A, whereas A can only be regenerated from B via C, which is a different 
mechanism. 





Scheme XXIX 


The principle docs not rule oet the possibility of more than one route (mechanism) 
between initial and final states, provided that ar equilibrium detailed balance applies 
to all routes. 

Aside from qualitative applications such as illustrated in the preceding paragraph, 
detailed balancing can provide quantitative arguments by means of relationships 
ike Eq. (3-186). We take as an example the hydrolysis of 8-thiovalerolnctone (L) 
lyzed by imiduzole (1), for which the Scheme XXX was proposed, IH being 
an intermediate 








м. м 

ImH + L = >P 
' 

вк. ke |А 
as 
Im +121 


5 
+ + 


п+ Ht 


Scheme XXX 
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The irreversible ks step is irrelevant то the following arguiieut, which i» based vu 
the equilibrium state. Procecding to define equilibrium constants as Ky = А, = 
ЇНЇН!) snd so on, we obtain the identity 

KK, = KK, 


because К» and K аге acid dissociation constants, 





АК, OK 
Ж a ks (3-187) 





In the original quantitative treatment of the pH dependence of the kinetics,?! it was 
necessary Ie make the assumption that AK, < КН), From Eg. (3-187), this 
means that 


kik Ka 





= Ku ын" 
Е; а їн] 


or K K4 < k [Н * ]. These two inequalities are inconsistent conditions. Westheimer 
and Bender" pointed this out and proposed an alternative mechanism. 

The applications of detailed balancing shown here are typical of the uses to be 
made of the principle in practical kinetics. At a deeper level these concepts must 
be justified by quantum mecharical and statistical mechanical arguments. Morrissey? 
and Mahan” have discussed these matters 
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PROBLEMS 


1. The benzene anion formed as shown by nucleopkilic attack on an aromatic ring 
is called a Meisenbeimer complex 


OMc 

ad um 
Se^ ы, 
Rs 


Give an expression for the pscudo-first-order rate constant for Meisenheimer 
complex formation. 


MeD OMe 
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2. For the hydration of styrene, 
PE—CH—CIL + H,O = Ph—CHOH)CH, 
it is reported that kas = 5.66 х 10° 1 and the equilibrium ratio [styrenc]/ 


[alcohol] = 2.3 х 107. Calculate k, und ky 
3. Suppose a reaction is found to Fave the experimental rate equation 


» = KHAIIBIIC] 
where HA is a weak acid with pK, = 4. 


Я 00, C is a neutral reactant, and & = 10 
the kinetically equivalent form 





В is a weak base with pK, = 
?з !, Then find the value of k’ in 








Y = KIA BH flc] 


4. Derive an cquaricn giving cB“, the value of ca when r = m". for Scheme 
IX. (Hint: Start by deriving схр( kf?) = (fL, Y, where p = АДА — 
ka), and the analogous equation for ka] 

5. Define the percentage extent of reaction for Scheme IX if F = сы + 2cc is 

the experimental measure of the progress of the reaction. 

Show that Eqs. (3-101) and (3-102) are equivalent 

What ane the nits of the Laplace traneform variable э when applied to a first- 

order reaction? 

В. For Scheme XIV, and for cach of the following sets of rate constants, calculate 
the cxuct relative concentration c/c] аъ a function of timc. Also, for cach set, 
calculate the approximate values of cy/c$ using both the equilibrium assumption 
and the steady-state approximation. 

105% kr = Is he 


EE 


0,01 s". 
105 
st ka = 10s", ka — 0.01 s. 
Э. Apply the steady-state approximation to Scheme XXII for ester hydrolysis to 

find how the experi 1 second-order rate constant он is related TO the 
elementary rate constan 
10. For Scheme ХУШ, find the secular equation, the characteristic equation, and 
the cigenvalucs. 
П. Two schemes for second-order Runge-Kutta numerical integration can be pre 
sented as follows: 

















(0 tii) 
r а 5 wor b, m 
1 о о uz П v о -1n2 
2 1 1 102 2 1з 13 am 


12. 


13. 


M. 


15. 
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M youre given, x; = Ao + In yv = Jo ! K and K 

= wik, + wak, with k, = h> fixe + ah, Yo + ВД. Show that Schemes i 

and ii are equivalent to Eq. 3-162. 

Carry out a manual Monte Carlo simulation of Scheme 1, using [Aly = 100, 

[Blo = 0, n, = 7, n, = 3. Compare the equilibrium constant obtained in 

the simulation with the truc value. Make the semilogarithmic plot according 

to Eq. 3-40 and interpret its slope. К 

Verify transform No. 6 in Table 3-1 by applying the definition of the Laplace 
, Eq. (3-65). 

Sae Sene using Laplace transforms, obtaining Eq. (3-4) or (3-118), for 

initial conditions cà = ch, cz = 0. 

Equation (3-150) and other equations of the same functional form can be placed 

in three linear plotting forms, of which the double-reciprocal form is shown 

as Eq. (3-152). Find the other two linear plotting forms. 








CHAPTER 4 


Fast Reactions 





When we carry out conventional studies of solution kinctics, we initiate reactions 
by mixing solutions. The time required to achieve compicte mixing places a limit 
on the fastest reaction that can be studied in this way. It is not difficult to reduce 
the mixing time to about 10 s, so a reaction having a half-life of, say, 10 s is about 
the fastest reaction we can study by conventional techniques. (Soc Section 4.4 for 
further discussion of this limit.) The slowest reaction accessible to study depends 
upon analytical sensitivity and patience; let us say that the half-life of a graduate 
student, 2-2} years, sets an approximate limi. ‘Ths corresponds to roughly 7 X 
10" s. Thus, а range of half-lives of about 107 can be studied by conventional 
techniques. 

There are obviously many reactions that are too fast 10 investigate by or- 
dinary mixing techniques. Some important examples are proton transfers. 
enzymatic reactions, and noncovalent complex formation. Prior to the sc- 
Ond half of the 20th century, these reactions were refered le as insranta- 
neous because their kinetics could not be studied. It is now possible to 
measure the rues of such reactions. In Section 4.1 we will find that the 
fastest reactions have half-lives of the order 10" s, so the Гам reaction re- 
gime cncompasses a much wider range of rates than does the conventional 
study of kincties 

Despite the great scope for rate studies in the fast reaction field, these 
still constitute a small fraction of published kinetic studies. In part this is 
berase Гим reaction Kinetics is still in some respects a specialist's field, 
requiring equipment (whether commercially purchased or locally fabricated) 
that is not commonly found in the chemical laboratory's stock of instru- 
mentation. Tis chapter treats the field ar а nonspecialist’s level, which is 
adequate to allow the oxperimentalict to judge if a certain technique is ap- 
plicable tn a particular problem. Reviews and book-length treatments are 
available; these should be consulted for more detailed theoretical and exper- 
imental descriptions.’ © 
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4.1 DIFFUSION-CONTROLLED REACTIONS 


Although the liquid state is obviously less ordered than is the solid «fan, some 
order ("structure") exists in the liquid, the extent of order depending upon molecular 
identity and the temperature. Each molecule of solvent (or of solute, in a dilute 
solution) is, on average. surrounded by a characteristic number Z of solvent mel 
ecules; Z, the coordination number, is typically in the range 4 10 12. This sheath 
of solvent molecules is called a solvent cage. A solute molecule enclosed in a 
solvent cage undergocs many collisions with thc solvent molecules surrounding it 
before it escapes from the cage. This period during which the solute molecule 
remains in the solvent cage is called an encounter. 

Consider a dilute solution of two reactant molecules, A and B. Inevitably an A 
molecule and a B molecule will undergo an encounter, the frequency of such 
encounters depending upon the concentrations of A and B. 1f, upon each encounter 
of A and B, they undergo bimolecular reaction, then the rate of this reaction is 
determined solely by the rate of encounter of A and R; thal is, the rate is not 
controlled by the chemical requirement that an energy barrier be overcome. One 
way to find this rate is to treat the problem as one of classical diffusion, and so 
this maximum possible rate of reaction is often called the diffusion-controlled rate. 
This problem was solved by Smoluchowski.’ In the following development no 
provision is made for attractive forces between the molecules.* 

Consider spherical molecules A and B having radi гд ап! rj and diffusion 
coefficients D, and D. First, suppose that B is fixed and that the rate of reaction 
is limited by the rate at which A molecules diffuse to the В molecule. We calculate 
the flux J(A>B) of A molecules to onc D molecule. Let п and гь be the con- 
centrations (in molecules/cm?) of A and D in the bulk, and let r be the radius e£ a 
sphere centered at ће B molecule. ‘the surface area of this sphere is 4m, so by 
Fick's first law we obtain 





А = В) = mr D, a en 


where the flux is in molecules pei secund. 
Assume that chemical reaction occurs at contact. namely. when r = rù + гы: 
thus, we integrate between limits as shown: 





dr 
NASB) in е 142) 
+? 
The result is 
ҚА — В) = 4га + rona 43) 


‘Thus far the single B molecule has bccn held stationary, and Eq. (4-3) gives the 
flux of A molecules toward this fixed В. At the same time, however, the B molecule 
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is itself diffusing, so the effective diffusion constant is the sum of D, ard Dp. 
Moreover, we must multiply our result for the flux to a single D by the total number 
of B molecules in order to find the total rate leading to diffusion-limited encounters, 
or 





v, = 4n(D, + Delt, + rears aa 


where v, is the rate in encounters per cubic centimeter per second 








The conventional second-order rate equation is v. = kotaca, where v, is in moles 
per liter per second and сл, св are in moles per liter. Because с = 1000 n/N, and 
v. = 1000v,/N,, where Na is Avogadro's number, we obtain 

ATN ADs, + Dern + nn 
py - RNAs + Dot, + т) ae 


1000 


as the theoretical estimate of kp, the diffusion-limited second-order rate constant 
(units, M? s). 

Very commonly Ey. (4-5) is combined with Eq. (4-6), thc Stokes-Einstcin equa- 
tion relating the diffusion ccefficient to the viscosity тр 


ATO 
yr 


(kis the Boltzmann constant.) The result is 


eo 


ky = 


2RT [© t d an 


30008 


It ry = ть, as in а dimerization, Eq. (4-7) becomes 


BRT 


^ зоот 





(4-8) 


In Eqs. (4-7) and (4-8) the viscosity is expressed in poise. Foi ieactivus int water 
at 25°C, Ey. (4-8) gives = 7.4 X 10° M 

This treatment obviously is oversimplified. At the next level of development, it 
is necessary 10 incorporate the intermolecular forces between A and В.” '° If А and 
В are ions of opposite charge, it is found that the diffusion lirnited rate constant is 
about 10 M ' s' 

From these considerations we conclude that diffusion-limited bimolecular rate 
constants are of the order 10! 10! М! 1. И an experimentally mewsured rate 
constant is of this magnitude, thc usual conclusion is, therefore, that it is diffusion 
limited. For example, this extremely important reaction (in water) 





H* + OH — H0 
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has a measured rate constant іп the lorward direction of 1.4 X: 10" М7" S"; hence, 
the reaction is assumed to be under diffusion control. The corollary to this conclusion. 
is that if the experimental rate constant is substantially smaller than the diffusion- 
limited value, the reaction rate is chemically controlled: that is, the activation energy 
is in the range typical of chemical reactions. (The activation energy of a diffusion- 
controlled reaction is small, typically 2-6 kcal mol ', and is partly ascribed to the 
temperature dependence of viscosity.) 

Equations (4-5) and (4-7) are ulietnative expressions for the estimation of the 
diffusion-limited rate constant, but thes: equations are not equivalent, because Eq. 
(4-7) includes the assumption that the Stokes Einstein equation is applicable. Olea 
and Thomas" measured the kinetics of quenching of pyrene fluorescence in several 
solvents und ulso measured diffusion coefficients. The diffusion coefficients did not 
vary as тү! [as predicted by Eq. (4-6)], but roughly as лү”. Thus Eq. 
(4-7) is not valid, in this system, whereas Eq. (4-5), used with the experimentally 
menned dilfusiun vuvfüvicnts, gave reasoneble agreement with mensure rato 
constants. 

In Section 3-3 we discussed the problem of kinetically equivalent rate terms. 
Suppose one ot the rate constants evaluated for such a пис equation were larger 
than the diffusion-limited value; this is a reasonable basis upon which to reject the 
formulation of the rate equation leading to this result. Jencks’? hes given examples. 
of this argument. 

We have seen that 10"! M^! s^! is about the fastest second-order rate constant 
that we might expect to measure; this corresponds to a lifetime cf about 10"! s at 
unit reactant concentration. Yet there is cvidence, discussed by Grunwald, that 
certain proton transfers have lifetimes of theorder 10" s. These “ultrafast” reactions 
ure believed to take place via quantum mechanical tunneling through the energy 
barrier. This phenomenon will only be significant for very small paricles, such as 
protons and electrons. 





42 RELAXATION KINETICS 


Consider a reversible chemical reaction at equilibrium, Let a sudden perurbation 
of the system be made (as by changing the temperature) so as to produce a new 
equilibrium configuration. Because the actual concentrations are not equal to these 
new equilibrium values, the system will undergo adjustmen 
have the values required by the new equilibrium position. This process of adjustment 
of a perturbed system toward its equilibrium configuration is called zelaxazion. The 
1atc of iclaxation is a function of the rate constants, which eun he determined by 
studying the relaxation process. Because the perturbation can be produced more: 
rapidly than reactions can be initiated by the conventional mixing of solutions, 
relaxation kinctics provides a means for studying Tast reactions. This арриоа was 
developed by Eigen and De Mecycr'* in the 1950s. Bernasconi? has given a thorough 
treatment of relaxation kinetics. 


infil the concentrations 
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Linearization of Hate Equations 


We begin by considering the simplest reversible reaction (Scheme D). 


ч 
А24 


Scheme I 


‘The system is initially at equilibrium with concentrations ch and c£. Now we rapidly 
perturb the system so гв to alter the magnitude of the equilibrium constant. Let the 
new equilibrium concentrations, toward which the actual concentrations will relax, 
be 2, and £y. (Clearly one of these will be greater than and one will he less than 
the initial concentrations.) The concentrations at any time г are cq and cz. 

Define a reaction variable x as thc concentration by which the actual concentra- 
tions differ from the new equilibrium values; thus, 


х са al со 49) 
where we have supposed that cà > ĉa and c% € z,. Figure 4-1 shows how x is 


related to the initial and final cquilibrium concentrations. The differential rate 
equation is 


= = = hé. — koi 
a ^ 2 





Concenvation 











Time 


Figure il. Relatiorship of the reaction variable x to the system concentrations 
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which, combined with Eq. (4-9), gives 


> J- RU LEUR hes ETE 


However, the equilibrium constant at the new conditions (after the perturbation) is 
K = ЫК. = Gala, зо we obtain 


-Ëu tes «лө 
dr 


Not surprisingly, we find that the iclaxaticn is a first-order process with rate constant 
ky + ka. И і conventional in relaxation kinetics to speak of the relaxation time 
т, which is the time required for the concentration to decay to Ме its initial value. 


1n Chapter 2 we founc mat the lifetime defined In ihis way is the reetprocal of it 
first-order rate constant. In the present instance, therefore, 


т-а + «ean 


The more important equilibrium shown in Scheme 11 introduces another factor. 


^ 
A+BS2 


T 
Scheme II 
Tbe reaction variable is defined by Eq. (4-12). 
xoc f. = - 76 & (412) 


and the rate equation ік 





Substitution leads to 


а 
p m Ка? + (hé + kia + Rade + kata — k-z 








However, the equilibrium condition is A = Куќа = Cz/CaEg, so. 
“ S 2 
д X + (ёл! Аё + А-х ваз) 
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Equation (4-13) 15 nonlinear an the concentration x. We, therelore, impose the 
linearization condition, namely, chat the perturbation is sufficicnily small that the 
term in x is negligible. The result is 





de 
Dm (4-14) 

where 
т^! = fs + te) + Ka (4-15) 


Equation (4-14) shows that the relaxation is first-order; ucconding to Eq. (415), 
measurements of т at several values of reactant concentrations allow the rate con- 
stants ю be estimated. 

This trcaunen iHursrancs several importan aspecis or relaxation Kincucs. One of 
these is that the method is applicable to equilibrium systems, Another is that we 
can always generate a first-order relaxation process by adopting the lincarization 
approximation. This condition usually requires that the perturbation be small (in 
the sense that higher-order terms be negligible relative to the first-order term). The 
relaxation time is a function of rate constants end, often, concentrations. 

"The question of how small the perturbation mus. be is of practical interest. Let 
us consider Scheme П and rate equation (4-13), which can be written in this forni: 


е = TU +») (4-16) 


where 





к= хел tint K 5 C 

Evidently the perturbation is small enough if r <<< 1, so the extent of the 
acceptable perturbation is governed by the concentrations and the equilibrium con- 
stunt. For Scheme T it is seen that г = 0, so the perturbation in this case is not 
limited to small values. Brouillard and co-workers! *^ Fave analyzed many systems 
from this point of view. 


Complex Reactions 


If a reaction system consists of more than one elementary reversible reaction, there 
‘will be morc than one relaxation time; in gencral, the number of relaxation times 
is equal to the number of states of the system minus one. (However, even for 
multistep reactions, only a single relaxation time will be observed if all intermediates 
arc present at vanishingly low concentrations, that is, if the steady-state upproni 

mation is valid.) The relaxation times are couplec, in that each relaxation time 
includes contributions from all of the system rate constants. A system of more than 
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one relaxation time possesses o relaxation spectrum. by analogy wilh шака] 
spectroscopy, in which an absorption frequency reflects vibrational modes of many 
bonds in the molecule rather than of just onc bond 

We will demonstrate the treatunent witli tix: two-step reaction system shown in 
Scheme Ш 


А+ НАВС 
n b] 





Scheme III 


There are thee states, hence, two iclaaation tius. The differcutizl rate equations 
are 





an 
Ош T fuente — Kata 
ват) 
de, 
Сш T Entan + koce — kaitan — kosan 


(We could have chosen апу two of the three possible equations.) Reaction variables 
are defined as 


oth р Ep 
Xan = Can — Сав (4-18) 


Xe = ĉc — ĉe 


Mass conservation requires that the production of one molecule of C result in the 
loss of ene molecule of cither A or AB, so 


хс =~ бл + Aap) (4-19) 
Substitution of Eqs. (4-18) into (4-17) gives 


DIDI CDD IDE 


dx, 






КЫК | arn | Sera + ae) + Anc + acd (4-20) 


= (Ка + з) (хав + Сав) 
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We apply Шо liucarication condition by negicedng the a^ iwa 
conditions are 





Thie equilibrium 


Kitace = kaitan 
katau = kate 


We also climinate xc by means of Eq. (4.19). The result is 





© = halen + анд + kužan 

(a2 
dias ^ 
Uu [Кёл + Ca) — kaba — (hor + Kn + katau 


Equations (4-21) are lincar first-order differential equations. We considered in 
detail the solution of such sets of rate equations in Section 3-2, so it is unnecessary 
to сапу out the solutions here. In relaxation kinetics these equations are always: 
solved by means of the secular equation, but the Laplace transformation can also 
be used. Let us write Eqs. (4-21) as 





dey 
Ош T dA ts 
dan i 
- = aaa x 
i 2 p 


where the definitions of the coefficients are obvious from Eqs. (4-21). The solutions 
are found to be 


# (ап + аз») + Man | as — Kanan — алы! 








4-22) 
Ка. 1 а») Maw + аў — Kanan — азал) 
from which we find 
Da = = азам 
Tia! = aude, — dis 095 
atta! = ац + an 
Using the definitions of the coctficients: 
Ti mi! = kia (kas + ko) + kuka (4-242) 
TO! omi! m Дз + Ж + ka + ka (424b) 
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where 


Кз = kala + ёв) (4-24) 


Thus, we find that both relaxation times are functions of all four rate constants. 

An important special case can be derived from this general result. This is the 
сазе of afast prccyuilibuian, in Which Ше A + Б = АН system rapidly equilibrates 
the АН = C step being much slower. Then the relaxation tiene for the first step is 
much shorter than that for the second, and some measure of uncoupling takes place 
For such a system Kis, kar > zs, Ep, and we obtain an = ki», am = he, a 
= а, аш = kay. Equations (422) then give ty! = + ka апаты! 0, 
Because these are approximations, the result for ту is reasonable Ми that for ry is 
not. To reach a reasonable result for Tn we use Eq. (4-24a), 








TES Ss + kya) + Ыы] 





Using the approximation тү! = kis + ka: yields, after suitable reurrangement, 


Kia + ĉeka 
Pu r 42 
E rere ШЕП, (425) 





where Ky = Кууш. In the limit that K (c, + £g) > 1, Eq. (4-25) becomes тү! 
= б, + Ras. which is the same ax Ба (4.11) for Schermo T; in this extici liit 
the two steps are completely uncoupled. 

Returning to the general treatment of Scheme Ш und Eqs. (4-24), and presuming 
that it is possible experimentally to measure тү and vq as functions of (ca + св), 
the four rate constants сап be evaluated from plots of zy ' Tu! VS. (Ey + Ep) (plot 
1) and of (тр! + ти!) уч. @ + 26) (plot 2). The plots have these parameters: 





slope (1) = Kilos + ky) 


intercept (1) — kaksa 





slope (2) = k 


intercept (2) = Ka + kay + ksz 


Suitable combination allows the four rate constants to be estimated 

We have next to consider the measurement of the relaxation times. Each + 
reciprocal of an appari firscerdcr rate constant, so the problem is identical with 
Problems considered in Chapters 2 and 2 If the system possosses a single relaxation 
time, a semilogarithmic first-order plot suffices to estimnte т. The analytical response 
is uften solution absorbance, nr an electrical signal proportional то absorbance or 
10 another physical property. As shown in Section 2.3 (Treatment of Instrument 
Response Data), the appropriate ploting function is In (А, — Aw). where A, is the 





FADI ньяспонь = 


signal at time z and Aq. is the signal when the system has completely relaxed to its 
final equilibrium position. The slope of the plot of In (A, — Aa) vs. r is equal 10 
ae) 

If the system has two relaxation times, it is equivalent to two first-order reactions, 
and the graphical and cslculsticnal techniques described in Chapter 3 are sppro- 
priate. The analytical signal is a function of two exponentials. If the two relaxation 
times differ greatly in magnitudo, they can be separately measured ns if the other 
were not present, but if they are comparable, the problem may be quite difficult 
The relaxation amplitude. namely. the maximum value of the analytical signal 
associated with each relaxation, plays a role in the detectability of the separate 
relaxation steps. Because the relaxation times depend upon concentrations, it may 
be possible to alter the relative magnitodes of the relaxation times by changing the 
concentrations. Other reaction conditions, such as temperature and solvent, may 
be adjusted to aid in resolving the relaxation times. If the two т values are fairly 
in magnitude, it may be difficult evon to detect the presence of two processes; 
a semilogarithmic plot may appear to be linear. 

Systems having three or more relaxation times are very difficult to analyze. and 
the concept of a mean retaxarion time has been developed w describe such reactions; 
Bernasconi? treats this problem. 








Experimental Methods 


To a chemical relaxation it is necessary to perturb the system from its initial 
equilibrium position. "This is done by applying а forcing function, which is an 
appropriate experimental stress to which the system responds with a shift in equi- 
libriurn configuration. Forcing functions can be transient (a sudden, essentially 
discontinuous “jolt”) or periodic (a cyclic stress of constant frequency). 

The most widely used transient method is the temperature-jump (T-jump) 
method." This is based on the van't Hoff equation, which describes the tem- 
perature dependence of the equilibrium constant 





ces аэ 





The sensitivity of the equilibrium constant to temperature, therefore, écpends upon 
the enthalpy change AH". This is usuelly not a serious limitation, because most 
reaction enthalpies are sufficiently large and because we commonly require that the 
perturbation be a small one so that the linearization condition is valid. If AH? is 
so small that the T-jump is ineffective, it may be possible to make use of an 
auxiliary reaction in the following way: Suppose the reaction under study is ап 
acid-base reaction with a small M77". We can add a buffer system having u large 
AH? and apply the T-jump to the combined system. The T-jump will alter the Ku 
of the buffer reaction, resulting in a pH jump. The pH jump then acts as the forcing 
function оп the reaction of interest. 

It is obviously desirable that the time required to heat the sample solution be 
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much shorcr than the relaxetton time(s) of the system, The must commonly used 
T-jurp apparatus is based on Joulc heating, which is produced by discharging a 
high-voltage capacitor through the reaction solution. The time course of the tem- 
perature increase is given by 


AT, = АТ. — е "д (4-27) 


where AT, is the temperature at time 2, AT is the maximum temperature change, 
and ту is the heating time constant. The beating time constant is given by та = 
RCI2, where R is the circuit resistance and C is the capacitance. We wish Ta to be 
small relative to т, the chemical relaxation time. The minimum value of the ca- 
расйолсе C is limited by the necessity to store sufficient energy in the eapscitor. 
"Therefore та is minimized by reducing K, which can be accomplished by increasing. 
the conductance of the reaction medium. Thus T-jump studies by electric-field 
diseharge must employ polar coluente, often nf apprecishle innie steength Mast T- 
jump studies have been carried out on aqueous solutions. The temperature change 
is typically 110°C, 

T-Jumps can also be produced by microwave beating and by lascr pulse absorp- 
tion. ‘These methods remove the restriction to Inw-resistance solvents; any solvent 
capable of absorbing energy of the applied frequency may be used. The heating 
time can be extremely short with laser heating. "е 

"The pressure-jump (P-jump) method is based on the pressure dependence of the 
equilibrium constant, Ec. (4-28), where AV* is the molar volume change of the 
reaction. 





дїлк` Av? 
(ш) --5 7 
Most reactions in soluticn have rather small AV? values (usually AV is less than. 
20 cinmol), so only small perturbationsare possible. The pressure change is created 
by rupturing a diaphragm separating the reaction solution from a pressure vessel 
A typical pressure change is about 60 etm. 

The electric field-iump method is applicable to reactions of ions and dipoles 
Application of a powerful electric field to a solution will favor the production of 
dons fromm а neural spectes, and it will orient dipoles with the direction ef the 
applied field. The method has been used to study metal ion complex formation, 
the binding of ions to macromolecules, and acid-base reactions. 

Concentration jump methods, such as the pH-jump technique cited earlier, can 
be used in relaxation kinetics, but this approach is described later (Section 4.4). 

Ultrasonic absorption is а so-called stationary method in which a periodic forcing 
function is used. The forcing function in this case is a sound wave of known 
frequency. Such a wave propagating througha modium creates a periodically varying 
pressure difference. (It may also produce a periodic temperature difference.) Now 
‘Suppose that the system contains a chemical equilibrium that can respond to pressure. 
dillerences [as a consequence of Eq. (4-28)]. If the sound wave frequency is much 
lower than Lr. the characteristic frequency of the chemical relaxation (is the 
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Figure 4-2. "Ih phase lag between concentration апа pressure in ultrasonic absorption. ‘The cyclic 
pressure changes ere produced by the sound wave. The cyclic concentration changes arc a response 10 
the pressure charges. 


relaxation time), hen the equilibrium concentrations can respond without significant 
time delay to the pressure changes, At the other extreme. of extremely high ultra- 
sonic frequency. the chemical system is unable to respond at all to the pressure 
Variations. Al frequencies comparcble to the chemical relaxation frequency, the 
chemical system follows the forcing function but with a significant time delay, 
which manifests itself as a phase lag between the forcing function and the time- 
dependent concentrations. '* Figure 4-2 illustrates this concept. 

The attenuation of sound intensity Z follows Eq. (4-29), which is analogous to 
Beer's law 





= це ™ (4-29) 


In Eq. (4-29) x is the distance traveled by the wave, and œ is the absorption 
coefficient, Sound absorption can occur as a result of viscous losses and heat losses 
(these together constitute "classical" modes of absorption) and by coupling to а 
chernical reaction, as described in the preceding paragraph. The theory of classical 
sound absorption shows that œ is directly proportional to f", where f is the sound 
wave frequency (in Hz), so results are usually reported их а, for this ts, classically, 
frequcncy independent. 
Writing the towl absorption in the form 


NN 
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and using the results of thecry: 


A 
Tia "В dex 





where w ip ovunu wave licquency In radians per second; thus, о = 27 

Equation (4-30) shows that when ea is very small, af? — A + B; cbsorption 
occurs by both the chemical and classical modes. In terms of Tig, 4-2, there is no 
phaseag between the pressure and concentration curves. When « is very large, 
aif = В; the chemical system is unable to absorb cnergy from the high-frequency 
forcing function. When o is comparable with 1/т‚ 0/7 is a function of frequency, 
and o/f* passes through an inflection point when ш = v; thus 7 is found by measuring 
absorption as a function of frequency 

For sensitivity of measurement. cvidently we wish the classical absorption [B in 
Eq. (4-30)] to be small. Water bas (o/f?).,,... 22 X 107" s? em, which is 
а very small valve (water does not absorb sound well). Typical values of (c1if?)semica 
arc 10-100 x 177 2 emt 

The several experimental methods allow a wide range of relaxation times to be 
Studied. -Jump is capable of measurements over the time range Lto ИГ? s; P- 
Jump, 10 to 5 м 1075 s; electric field jump, 107 to 10 * s; and ultrasonic absorption, 
107 їп 10 ™ s. The detection method in the jump techniques depends upon the 
systems being studied, with spectrophotometry, fluorimetry, anè conductimciry 
being widely usau. 











Applications 


Most proton transfer reactions are fast; they have been carefully studied by relaxation 
methods. A system consisting of a vorjupate acid-bosc pair in water is a three- 
State cyclic equilibrium as shown in Scheme IV. [The symbolism is that used by 
Bernasconi, P» 92 &] 


H*c о 
LL MES 


ka i ky N 


HA ЊО m на + H+ on 


Scheme IV 





Because this is а three-state system, it has two independent rate equations and two 
relaxation times. It is somewhat easicr to write the rate equations when Scheme IV 
is presented in the form of Scheme V. 
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СЯ 


њо = Ht + ОП 


HA = Н +А 


НА + ОН 





Scheme У 


The 12,21 reaction is sometimes called тентайтапоп, the 13,31 reaction is pro- 


rolysis, and the 23,32 reaction is hydrolysis. 
Кш шы eqquatiuus Gui tie voneentietivns of HA, A^, П 5, ОП) can be writen, 


but only two of these are independent. We choose those in HA and Н“, so we will 
express all reaction variables in terms of these two species. Reaction variables are 
delined: 





(431) 





where c, is the concentration of species i at time r, and 2, is the concentration in 
the final equilibrium configuration; chargss will bo omitted for convenience. 
"The mass balance on solute yields ug + Ca = Gia + ёд, whence 


Энд T Ал 0432) 


The mass balance on the solvent gives Cun + бан = Dio + бон, OF 


эво = Хон (433) 


According tn the electroncutrality principle for this system. сь = Ca + c and 
ён = ©, + Cons subtracting these equations gives 








ay + ain = Xi «за 
From Scheme V we write 
Жл = Lisen + Kayenta — tios Бслсно 
- (4-35) 
p Era — kutkta + kacho — 
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Тһе c; in Eqs. (4 35) are replaced by means of Eq. (4-31), reaction variables лд, 
хок. and хис аге climinated by using Eqs. (4-32)-(4-34), the lincarization and 
‘equilibrium conditions are applied, and we obtain 








dina 
- CUP = ipu + aku 
T (2-26) 
йы 
ir ed diga + Gate 
where 
ви = hay + kiču + бон + бна) + Бано + 20) 
де = Kaun — ы — bulla 
Peni Mir tau uan 


Be — des — Gs — һә, 





z + kalon + ён) + Кабл 





Equations (4-36) are identical in form to these developed in the solution of Scheme 
Ш, so the solutions for the two relaxation times in terms of the coefficients ay are 
given hy Figs. (4-22). Of course, the relaxation times expressed in terms of the rate 
constants arc differert in the present problem because the ay are specific 10 the 
Kinetic scheme. Equations (4-23) for the sum and the product of the reciprocal 
relaxation times also apply here, but the results in terms of the rate conctante are 
rather complicated. Many real systems, however, arc simpler than the general case 
because of the relative magnitudes of rate constants and concentrations. For ex- 
ample, а sulution uf а чайку, acid in water is cssentially desuribable in terms 
of the 13,31 equilibrium alone because Cou: (which is involved in the 12,21 and 
23,32 steps but not in the 13,31 step) is negligible. Thus, it is often possible to 
work with a system having only a single observable relaxation time. The two 
relaxation times may be comparable in magnitude (in time units, that is), but the 
‘concentration changes astociated with one of them may be so small in these special 
‘cases that only orc relaxation time is detected. Встазсоп P^ ?^ *^ describes the 
unulysis of these systems in Чеш. 

Another important acid-base process is the transfer of a proton from one solute 
acid-base pair to а second solute acid-base pair. This can take place via three 
pathways, shown in Scheme VI. 








Direct ПА + B=BHt + А 
Protolysis НА 2 Ht +A 
В + H* = BH* 
Hydrolysis В + H,0 = BII* + ОН 
HA + OW = A> + НО 
Scheme VI 
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By constructing a «уе, vorsivu as in Sdieme VEL it is readily scen that this is a 
four-state system, so it possesses three relaxation times. 


Ht +A +B+H,0 


N 






ВН? + А + HO 


Usually special cases of the full scheme are studied so that only one or two relaxation 
times are observed. Important examples are a solution of an acid-base solute in 
the presence ot an acut-base indicator, and a bullered solution of am acid—base 
solute.“ PP- 52-62 

Table 4-1 lists some rate constants for acid-base reactions.* ер? A yery simple 
yet powerful generalization can be made: Fur “normal” acids, proton transfer in 
the thermodynamically favored direction is diffusion controlled. Normal acids are 
predominantly oxygen and nitrogen acids: carbon acids do not fit this pattern. The 
thermodynamically favored direction is that in which the conventionally written 
equilibrium constant is greater than unity; this is readily established from the pK, 
of the conjugate acid Approximate valuce of rate constants in both directions can 
thus be estimated by assuming a typical diffusionlimited valuc їп the favored 
direction (most reasonably by inspection of experimental results for closely related 
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Reaction AMT n 
H+ 0н =н” 14x w" 
н + НСО = HCO, 43 x We 
H' + CHCOÓ- = CE,COOH a5 x 19° 
не + CUGCCO- > GH.COOH as x ane 
H + NH, = NI 43 x po 
н° + MeN = MeNH 25x 10 4 
He + HOO. =O; + HO 56x 108 чах юз 
ОН + NIE = NH, н 34 x Ip? вх 10° 
ог + MeNH* = Мем + HO 21x qoe тах 
OH 1 imicarolium ion = imidazole + НО 2.5 x юе 25 x 10 
OH + ЕРТАН? = EDTA* | HO зах WF Llx 10 
Он + COs = HCO: 14x ш 1v 104 


Source: Reforonee 3 (Chop. 9) 

“Most of the reactions are at 25°C, ionic strength 0.1 M. ky is for the forward reaction as written, 
"Vater concentration is 55.5 M in tis reaction: in other reactions valer concentration i expresses 
mole fasten = 1 
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rompounde) and combining this with the p, For example, using benzoic avid as 
a model compourd, we might estimate, for this reaction, 


Н?  A-H;N-CLH,-COO- = 4 H,N-CgH,-COOH 


that kı = 3.5 х 10'° M ' 51. The pK, of 4-aminobenzoic acid is 4.92, or K, = 
К-К, = 1.2 x 107 M; hence, we calculate k, = 4.2 х 10° s?. Theexperimental 
valucs are k, 3.5 X OOM! c and , = 44 x 105 1. 

Deviations from this generalization may have several sources, including charge 
repulsion, steric effects, statistical factors, intramolecular hydrogen bonding. 
and other structural effects that alter electron density ш the reaction site. 
Hague? P- * has discussed these effects. 

Metal ion complexation rates have been studied by the T-jump method.” Divalent 
nickel and cobalt have малла, nubes of 6, мо iey can form complexes 
ML, with monodentate ligands L with т = 1-6 or with bidentate ligands, n = 
1-3. The ligands are Bronsted bases, and only the conjugate base form undergoes 
coordination with the metal ion. The complex formation reaction is then 





^ 
ML, + L = MI 





Scheme УШ 


where charges are not specified. We will consider the case in which the only metal 
species in significant concentration are the ones shown in Scheme УШ; that is, 
only one of the complex equilibria is significant, which is reasonable if the several 
complex stability constants differ by several orders of magnitude. 

Scheme УШ hus the form of Scheme И, so the relaxation time is given by Eq. 
(4-15)—apparently. However, there is и liflerence between these two schemes in 
that L in Scheme VIII is also a participant in an acid-base equilibrium, The proton 
transfer is much more rapid than is the complex formation, so the acid-base system 
is considered to be at cquililuiun Uuvugliwut the complex formation. The experiment 
can be carried out by setting the total ligand concentration comparable to the total 
metal ion concentration, so that the solution is not buffered. As the base form L 
of the ligand undergoes coordination, the acid-base equilibrium shifts, thus chang- 
ing the pH. This pH shift is detected by incorporating an acid base indicator in 
the solution. 

The rate equation is develeped in the usual manner, The reaction varicbles are 
related as follows, where these identitics arise from mass balance argunieute. (We 
let А represent ML, _ for convenience, and Z represents MIL) 


Xa = + Xa = (4-37) 


Мн = ia (4-38) 
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The гае equation, developed in terms of xa, is linearized in the usual way to give 


i-a en) 


where n — xfi. [We are considering orly the ligand acid-base cauilibriu 
fuller treatment” requires consideration of the indicator. | Thus 











ы; ath a) thon (4-40) 


which may be compared with Eq. (4-15) 
Letting K, be the acid dissociation constant of the ligand, K, = сүзсүн, which 
is combined with the definitions x, = c, — ¢ and Eq. (4-38) to give 








a [T 


Kta 
Thus, œ сап be calculated (it is sometimes negligible), and the rate constants are 
evaluated praphically or by least-squares analysis: the estimates of А, and К, must 
be consistent with the knowr stability constant. 

If two complexes cocxist, there will be twn relaxation times, and a treatment 
analngons tn the analyses nf Schemes TII and TV is required. Table 4-2 gives a few 
rate constants for these reactions.“ ^" The mechanism of such reactions is believed 
to consist of at least two steps, shown in simplified form in Scheme IX. 





Ko 


Mag) + Liag) = M(ag)L 
hs 

M(agL = Мад) + ЊО 
кө 
Scheme IX 


Taste 42. Rate Constants for Metal lon Complexation at 25°C 














Меш ion Ligand n 
кш) Imidazole 1 10 
Imidazote 2 [a 
Imidazole 3 10 
‘com Juidazole 1 10 
Inidazole 2 a 
ма Giycire 1 А 
уше 2 © 
Glycine 3 qe 
Cod Giycire 1 10 
Glycine 2 1% 
Giycine ы 10° 35x 10 
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Ir the first step the hydrated ion and ligand form a solvent-sepa 3 this 
Step is believed to be relatively fast. The Second, ы, E poen 
justment of the hydratien sphere about the complex. The measured rate constants 
con be approximately related to the constants in Scheme IX by applying the fest 
Preequilibrium assumption; the result is А, = Kolo and к, — ky. However, the 
situation can be more complicated than this, ^^ i 

A» а final cxemple we consider noncovalent molecular complex formation with 
the macrocyclic ligand o-cyclodextrin, а natural product consisting of six a-D- 
glucose units linked 1-4 to form a torus whose cavity is capable of including 
molecules the size of an aromatic ring. Table 4-3 gives some rate constants for tais 
reaction, where L represents the cyclodextrin and $ is the substrate:! 








The equilibrium binding constant for this 1:1 association is Ky = k/k. The К, 
values were measured spcctrophotometrically, and the rate constants were deter. 
mined by the T-jump method (independently of the K, values), except for substrate 
No. 6, which could be studied by a conventional mixing technique. Perhaps the 
mest striking feature of these data is the great variability of the raie constants with 
structure compared with the relative insensitivity of the equilibrium constants. This 
сап be accounted for if the substrate must undergo desolvation before it enters the 
ligand cavity and then is largely resolvzted in the final inclucion complex?” 





TABLE 43, Binding Consists and Rate Constante for Complex Poematin 
between o-Cyctodextrin and Azo Русе? 











No. nh Ra кым! kM’ у! кау! 
X а н “з 13 x 10% 26 x 10 
З on CH. 417 L2 x 10° 3314€ 
м єн. 476 1.5 х 1 028 
b o6 CHCH; 286 28 1x 107 

N(CH); H 1010 11 x 10 1x10 

Source: Data [rom Reference 21. 

“Ry and В, in 

onl Vu \ 


7 


"Aqueous solution, 14°C, sonic svength 0.1 M 


к, 
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4.3 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 


The connection between spectroscopy and kinetics is frequency, which has the 
dimension zime 1. Each type of chemical spectroscopy—ultiaviolet, infrared, elec- 
tron paramagnetic resonance, and nuclear magnetic resonance—has its characteristic 
frequency range, and, very roughly, the reciprocal of this trequency is the typical 
lifetime of the state whose transitions are observed by that spectroscopic technique. 
Nuclear magnetic resonance (NMR) spectroscopy provides valuable chemical ki- 
netic information because of its frequency range, so this section deals with NMR. 
It is worth noting, however, that electron paramagnetic resonance (EPR) spectros- 
сору operates on similar principles and samples a different frequency range. EPR 
is based on transitions induced by the interaction of the electron’s magnetic moment 
with a magnetic field and is a valuable means for studying free radical reactions. 
NMR in bured on trancition: induced by the interaction of a nuclear magnetic 
moment with a magnetic ficld. Becker? und Swift? are useful sources on the 
measurement of rates by NMR. 





Magnetic Properties of Nuclei 


The nuclei of many isotopes possess an angular momentum, called spin, whose 
magnitude is described by the spin quantum number f (aso called the nuclear spin). 
This quantity, which in characteristic of the nucleus, may have integral or half- 
values; thus / = 0, 2,1, i... . The isotopes C and "O both have / = 0, hence, 
they have no magretic properties. 'H, C, Е, and " Pare importent nuclei having 
d — 4, whereas °H aid N lave f — 1 

According to quantum mechanics, the maximum observable component. of the 
angular momentum is (4/277, where h is Planck's constant. A nucleus can assume 
only Zi + 1 energy states. Associated with each of these states Is а magnetic 
quamum number m, where m has the values J, 171,172, .. -, —1 + M, =I. 
For example the proton (ЇН) has! = 4, som = +4 or — 4: the deuteron (E) has 
Ш = 1, вот = 41,0, or - 1. 

А nucleus baving spin generates a magnetic moment а, which is proportional 
10 the angular momentum, Theory is not capable of calculating р, so it is commonly 
expressed as Eq. (4-42), where ү is called the magnetogyric rario 











PER 4-42) 


‘Thus the experimental manifestation of the nuclear spin is described in terms of 
cider p or y 

In the absence of an external magnetic field, the 2/ + 1 enerpy states of a nucleus 
are of identical energy (they are said to be degenerate) and, therefore, are equally 
populated at thermal equilibrium in any assemblage of such nuclei. In the presence 
of an applied steady field М, these 27 + | states will assume different energy 
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levels. This separation uf cueagy levels in a magnetic held is called nuclear Zeeman 
spliuing, The energy levels will be cqually spaced, and the energy of scparation is 
ин 

An imuitive model of the process can be given. Consider the proton, wità / = 
2; then there are two states, characterized by m = +} and m 2. In the absence 
of an applied field, these states are equally populated. The states may be pictured 
as corresponding to opposite orientations of a tiny bar magnet, which is a crude 
way of visualizing the magnetic moment vector. Clearly in the absence of an applied 
field, the orientation of the moment should not affect the energy of the nucleus. 

Now let a steady field be applied. The two nuclear states now correspond to 
‘orientation of the bar magnet parallel to the field (i.c. N pole to S pole) er antiparallel 
to the field (N pole to N pole). There will be an energy difference between these 
states, the orientation with the field (N to S) being of lower energy than the 
orientation against the field. 

Figure 4-3 shows the nncloar splitting effect for the ewe / — d. Because the 
difference in energy levels is AE = pHi, cvidently AE is directly proportional 
хо the applied ficid. The analogy with optical spectroscopy is now obvious, It is 
Possible to induce transitions between adjacent сакау states; absorption of energy 
results in a transition from a lower to а higher energy level, and emission eccurs 
with the reverse process 

The frequency of Ue electromagnetic radiation that can be absorbed by the nuclear 
system is easily calculated by equating the energy of а photon and the energy level 
separation: 





ET 


1 (2-43) 


or v = Ho? [from Eg. (4-42)]. Thus, for the proton, / = 1 and the experimental 
value for the moment pa is 1.42 x 10?! erg G”. Suppose Н = 10,000 G, a 


Figure 4-3. Energy level spitting or а nu- 
eus with = Lin applied field Н, The em 
«у separation is proportional to Ho 
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reasonable field strength. Then the Irequency v calculated with Fq. (4-43) is 42.6 
Milz, which is attainable ax radiofrequency (тї) radiation. 

Summarizing, nuclei with nonzero spin numbers Г can assume 27 + 1 energy 
states. In an applied magnetic field Hy, these states are separated by an energy gap 
‘of pHo. Transitions between these states can be excited by rf radiation. A sig- 
nificant difference between this phenomenon and optical spectroscopy is that the 
frequency of the radiation absorbed by a nuclear system depends upon the strength 
of the applied magnetic ficld. 


The Resonance Condition 


The preceding discussion was presented in terms of quantum mechanics, which is 
necessary when energies are involved. A classical description is also possible, and 
thie adde useful insights A mnrlenc thit pexcesces я magnetic moment (Р + Пу ran 
be considered to be a spinning charged particle. IFZ = } the nucleus behaves as if 
it were a spinning charged sphere: if Z is greater than 4, the nucleus is equivalent 
1v à nonspherical spinning charge (und it possesses a quadrupole moment). 

А mucleus with а magnetic moment, when placed in a steady applied magnetic 
field Ho, will tend to adept the orientation of the ficld, but because of its spin will 
instead assume an angle with the direction of the applied field, dial is, Ше applied 
field vector and the magnetic moment vector will not be parallel. This situation is 
shown in Figure 4-4A. The field Ho tends to decrease the angle 6 between the 
vectors, but because the nuclets 1s spinning the result is that Ше moment vector 
will precess about the field vector (Fig. 4-44). This action is similar to that of a 
gyroscope, The angular velocity «o (in radis) of this procession is given by Ey. (4- 
44). 





to = УН. (4-44) 


This velocity is called the Larmor precessional frequency 
Now suppose that an additional small magnetic fieli i 





lieri perperdicular to 





© Hy in the plane formed by p and Ho; call this field H (sce Fig. 4-4B). Field H, 


will act upon p to increase the angle 0. If field H, is caused to rotate around Hy 
at the Larmor processional frequency of op, the torque produced will steadily act 
tu change the angle 6. On the other hand, if the frequency of rotation of H, is not 
the same as the precessional frequency, the torque will vary depending upon the 
relative phases of the two motions, and no sustained effect will be produced. 
When the frequercy of the rotating magnetic field H, equals the precessional 
frequency of the nucleus, cnergy is absorbed by the nuclear system and a transition 
‘occurs from a lower energy level 10 a higher ene; ш а sense Ihe magnetic moment 
vector “flips” from one orientation to the other one. The nuclear absorption of 
energy from a rotating magnetic field in the presence of a constant magnetic field 
iscalled nuclear magnetic resonance. The resonance phenomenon occurs only when 
the angular velocity of the rotating field is equal to the Larmor precessional frequency 
of the magnetic moment. Because angular velocity o (in rad s !) is equal to frequency 
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Tigure 4-4. (A) Magnetic morent vector p precessing about applied field vector My. (P) Addition 
оё romting magnetic field М normal to РА, 


v (in Hz) by w = 2пъ, comparison of Eqs. (4-43) and (4-44) shows that the Larmor 
precessional frequency is identical to the transition frequency that was calculated 
cariler. 

TF a nucleus (actually a great many nuclei of the same substance, of course) is 
set processing in field Mo, and the rotating field Hy is altcred in frequency, sweeping 
from a frequency lower than the Larmor frequency, through it, toa higher frequency, 
and if the energy absorbed from the rotating field Hf, is measured, the graph of 
energy absorbed against frequency of the rotating field is the NMR spectrum. It 
will consist of a sharp peak in the energy absorbed at the frequency corresponding 
ty Ue Larier resonance frequency of the nucleus at the given value ol Ho. 

Tris not easy to apply a ratati ignetic field to the system of precessing nuclei. 

It is very easy, however, to generate a linearly oscillating field with an rf oscillator. 
This is perfectly satistactory, because a lincerly oscillating field of total amplitude 
2H, can be resolved into two rotating ficlds, cnch of amplitude H1, but tat 
‘opposite directions. Only the component rotating in the same direction as the 
precessing nuclei will interact; the other component has no effect. 
__ Fe was suggested above Ша the field F is held constant while the H frequency 
is swept; this mode is called frequency sweep. An equivalent result is obtained by 
holding the rf field at a constant frequency and sweeping the ficld Ho, NMR spectra 
vbtained by ficld-sweep measurements arè displayed with the lield increasing from 
left to right; spectra obtained by frequency sweep are displayed with the frequency 
increasing. from right to left, so that the two presentations аге comparable. 
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Spir-Latiive Relaxation 


Let us consider a set of nuclei (a spin system) with / = $ at thermal equilibrium 
ina steady magnetic field A. The two nuclear energy levels are separated by о, 
and the state for which m = +} is the lower cnergy state, as in Fig. 4-3. Fvidently 
the tendency is for all of the nuclei to pass to the lower energy level. This tendency, 
however, is opposed by thermal motion of the nuclei, which tends to produce an 
equilibrium distribution with identical numbers of nuclei in the two states. The net 
result is that a small but finite excess of nuclei will, at equilibrium, populate the 
lower energy level. The ratio of number of nuclei per unit volume in the lower 
energy level, N+ (form +4) to the number № in the upper level is given by 
the Boltzmann distribetion. Eq. (4-45). 


vocem (4-45) 


Because the energy separation 2p, is very small, the approximation e^ ~ | + 
x is valid, and we have 


(4-46) 





showing the excess population of the lower energy state. 

The nuclei constituting the spin system may be regarded as embedded in a 
medium, culled the lattice, composed of the rest of the sample, that is, of atoms 
and molecules. Interaction between the spin system and the lattice (that is, transfer 
of energy) is possible but difficult: New snppose this spin system is irradiated by 
an її field at its resonance frequency, so that absorption of energy occurs, Some 
nuclei undergo transition from the lower to the higher energy state; thus the ab- 
sorption of cnergy hes reduced the excess of nuclei in the lower energy state. 
Equilibrium requires a return to the excess number present before the application 
of the rf field. Therefore, transitions from the upper energy level to the lewer one 
пост, with transfer of energy froin the spin syster tv the Lattice. The return of the 
spin system to its equilibrium configuration is called relaxarion, so this mechanism 
is called spin-lattice relaxation. We wish 10 find the rate of this process. 

First, consider the case in which the spin system and the lattice are in equilibrium 
at temperature T in field Ho. This means that the number of transitions upward 
must equal the number downward. I W is the probability of an upward transition 
Per unit time and Wa is the probability of a downward transition, then И.М. = 
WaN, or РЛ, = L + 2pslo/kT. Combining this with the mean transition prob- 
ability W = (W. + VAY? gives 


Wa = w( 1+ к) (4-47) 








(4-48) 
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Therefore, the probebility cl и downward transition in a magnetic field is lightly 
greater than the probability of an upward transition. 

Now let energy absorption from an rf field take place. The excess number of 
nuclei in the lower energy state is denoted m, son = М, — N.. The rate of change 
of n is 





dn 
= = W-Wa- W.W. 
ui Wa — 2N. W. (4-49) 


because for each nucleus that makes a transition n changes by 2. Combining Eqs. 
(4-47)- 0-491, И 


dn 
T = Ww Е 
a (m = n (4-50) 


where ло = NIIT and N = №. + М; no is the value of т when the spin 
system is in equilibrium with the lattice. Integration of Eq. (4-50) gives 





m = n = (®ъ— пе" (451) 


where 1 is the initial value of n. A quantity Т, is defined by 7, = L/2W, so that 
Eq. (4-51) expresses the result that the approach to spin-lattice equilibrium is a 
first-order process characterized hy the first-order rate constant 1/7. T, ie called 
the spin-lattice relaxation time. In liquids, T, values are typically in the range 
10 2-10? s; in solids 7; may be much larger than in liquids. 

In the carlicr treatment we reached the conclusion that issunaine арзи рбоп 
occurs at the Larmor prevessional frequency, a conclusion implying that the ab- 
sorption line has infinitesimal width. Actually NMR absorption bands have finite 
widths for several reasons, onc of which is spin-lattice relaxation, According to 
the Heisenberg uncertainty principle, which can be stated 





DE · м = hn 


the uncertainty in cnergy of a state АЕ times the uncertainty in lifetime of the state 
Atis approximately equal to Planck's constant. The spin-lattice relaxation time T, 
is a measure of the mean lifetime of the upper state (more precisely, the mean 
lifetime cannot excecd Т,). and the energy is related to frequency hy AF = Аль 
Thus, we obtain 


ives 
"T aen 





(4-52) 


where Av is interpreted as Cie minimum width of thc NMR absorption line. This 
general phenomenon is called lifetime broadening: any process that decreases the 
lifetime of a state results in broadening of the corresponding absorption band. 
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Spin-Spin Relaxation 


We have now to consider the interactions between vicinal nuclei in the spin system. 
This interaction is of a magnetic dipole-dipole nature. Each nucleus is within the 
steady field Ho, butis also subjected w a small local magnetic ficld Hiya, produced 
by echor mule which are themselves small magnets. Because, in general, the 
disposition of neighboring nuclei is different fur each nucleus, the magnitude of 
Hoc Will differ at each nucleus. The total magnetic field acting on а nucleus is 
the vector sum of Hy and How- Because this is dilferent at each nnclens, the Larmor 
Precession frequency of cach nucleus will be different by a small amount. The 
range of resonance frequencies for identical nuclei will be of the order Ba, = 
"Vica This nica thet the absorption peak in the NMR spectrum will be a band 
broadened by the amount боз. ‘This broadening is in addition to spin-lattice relax- 
ation broadening. In liquis the molecules are in rapid motion, and this effect of 
loca held variation averages out to a negligible value, but in sutids it is а very 
important contributor to Tine width. 

‘There is another type of spin-spin interaction. Two adjacent nuclei can interact 
to cause a transition. For example. the precessing moment ol nucleus A sets up an 
oscillating magnetic field at nucleus В. The oscillating field thus produced will, at 
some time, be in phase with the precession of B; nucleus В can absorb energy from 
this field and undergo transition to the upper level. Simultaneously nucleus A must. 
Fass to the lower Ісусі. Because the precessional frequencies of the two nuclei will 
differ hy aont Res. the length of time required for the two nuclei to come into 
phase will be about 1/8wn. This is the approximate liletime of a nuclear spin state; 
it is symbolized T» and is called the spin-spin relaxation time. Т» incorporates both 
ef the spin spin relaxation mechanisms described. Note thst spin-spin relaxation 
does not decrease the energy of the spin system, but it does shorten the lifetime of 
the statc, so it leads to line broudening. 

We lave seen (al i а steady field Hp a small excess, m, of nuclei are in 
the lower crergy Icvel. The absorption of rf energy reduces this excess by causing 
transitions to the upper spin state. This does not result in total depletion of the 
lower level, however, because this effect is opposed by spin-lattice telaaation, 
А steady state is reached in which a new stewly value, n.. of excess nuclei in 
the lower state is achieved. Evidently л, can have a maximum value of n and 
а minimum value of zero. If л, is zero, absorption of rf energy will cease, 
whereas if m, = zo, a steady-state absorption is observed. It is obviously de- 
sirable that the absorption be time independent or. in other words, that п/п, be 
close to unity. Theory gives an expression for this ratio, which is called Zo. 
ihe saturation factor 











PTT 








It is, therefore, desirable that the quantity '"H,?T,T; be as small as possible. The 
if field H, should be of low power to prevent saturation. The saturation factor 
appears in the later treatment. 
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The Bloch Equations 


‘The NMR phenomenon сап be quantitatively described in classical terms, This was 
first done by Bloch.” ‘the approach 1s helptul in developing an understanding of 
nuclear relaxation processes. 

Consider a nucleus with magnetic moment p in a magnetic field Ho. According 
to classical mechanics the rate of change of the angular momentum G is the torque 
T: 





dG 
dt ч 


The torque is given by the vector cross product of the vectors ja and Ho. 
T den Hi 
"The angular momentum is related to the moment by the magnctogyric ratio. 
С = py 


Therefore 4б\й = (1/yXdpldt), or 
а. 2 
UY к=к х Н 
If the nuclei in unit volume arc summed, the result is the magnetization M, so 
aM 
(iy Fe = MX Ho 4-53) 


Equation (4-53) describes the precession of the magnetization vector about the field 
vector with angular frequency “ҮН, in the absence of the rotating teld H, (see Fig. 
4-40). 

In the presence of a field Н, rotating at the precessional frequency the nuclear 
system can absorb energy, following which nuclear relaxation occurs. Thus, the 
equation of motion muet include both the processional and the relaxation contri- 
butions: 


ҸМ qxecessional , retaxational 
dr motion + motion «5n 
We now adopt a Cartesian coordinate system and write Eq. (4-54) for each of the 
components of the magnetization. Figure 4-5 shows the coordinate system. The 


FACT REACTIONS 161 





Figure 45. Coordinate system tor Ihe NMK equation of motio. 


applicd Geld Ho is parallel with the z axis, and the rf Bicld ZZ, is in the xy plane. 
The components of the magnetic field are then 


H, = H, cos wt 55a) 


sin wr (4-55b) 





(4550) 


Figure 4-6 illustrates the relaxational contribution to tbe motion. Figure 4-6A. 
shows moment vectors for a spin system in the absence of the rf field (H, = 0); 
the magnetization components arc M, — My, M, — 0, M, — 0, because in the 
ху plane the magnetization components cancel. In the presence of the rf field at the 
resonance frequency the spin system absorbs energy, increasing, the angle hetweer: 
Ho and M and perturbing the thermal equilibrium so that M, aud MZ, vorupuuenits 
are induced and M, < Mo (Fig. 4-6В). With the passage of time (comparable to 
the relaxation times T, and T2), relaxation back to the equilibrium configuration 
takes place, so M. increases toward Mo, whereas M, and M, decrease toward zero 
a£ a consequence of the gradual loss of coherence of the moment vectors. 

The decay of M, to Mp is called longitudinal relaxation (because it is parallel 
With the field Ho), it is identical with the spin-lattice relaxation described earlier. 
The rate constant for this process is therefore 1/T). The decay of M, and M, is 
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transverse relaxation or spin—spin relaxation; it is assumed 10 take place via first- 
order kinetics with rate constant 1/Г›. We can now write the differentia] equations: 


aM, 

















\ a T WM x H), - мут, (4-56a) 
сү. \ 2 DE L «M x Hy - MUT, 6-565) 
= at 
u =R S 
CF AE dp WM + ED, + (Мо - MJ, (4-560) 
S The cross product is expanded hy Eq. (4-57) 
i i k 
MxH-|M, M, (4-57) 
Hi cos wt -Нзшш Н, 





Equations (4 58), the Bloch equations, result: 


dM, 











= "M.-H. + MH. sin wn - М.Т, (4-58) 
E dt 
UN 
Xe a = WM соь оя МН) MV (4 звы) 
I 
dM М 
d = W M.H, sin w — M,H, cos tt) + (Mo — MJ, (4-28) 





If the rate of sweep through the resonance frequency is small (so-called slow 
passage), a steady-state solution, in which the derivatives are set to zero, is ob- 
їёйпей 25 The result expresses M,, My, unl M, ич functions of s. These magneti- 
zation components are not actually observed, however, and it is more useful to 
express the solutions in terms of the susceptibility, a complex quantity related to 
the magnetization. The solutions for the reul (x") and imaginary (x") components 
then are 





Me 





(A) 





Representation of the 








Хошо боз — шу» (4-592) 
х 2 [; Tou — of? + YH Th ed 


P di d 
Figure 4-6. 
Immediately afer absor 





е | Tos Ө + ҮН, al see) 
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Notice the аррсаганыр uf tlie satururion factor in these equations. By working at 
small values of Æ, these equations become 





„ _ Хош» for ш) 

г 2 Е + (on — | Ае 
т _ XT] __ 

Oe ЧУ [. + wo = этә] кею 


where Xo = Mo/Ho. These two equations contain the same information; Eq. (4- 
60а) describes the dispersion mode, whereas Eq. (4-60b) describes the absorption 
unde. Lu practice the abyorprion mode Is always displayed in ХМК spectra. 

‘The bracketed term in Eq. (4-60b) describes a Lorentzian line shape for the NMR 
absorption Бага. The maximum in the band occurs at the resonance frequency, ш. 
Expressed їп umts ol уен/ 2, the maximum valuc of x" is 1; at one-half this 
maximum peak height we find, by substitution, that (ag — о) = UT. Using œ 
= Dry to convert to frequency (in Hz) gives (vo — v) = as. However, the peak 
width is twice this, or 











avn = E: 4-61) 


where Avy, is the peak width (in Iz) at one-half the шалі light. 

Equation (4-61) provides а basis for T; measurements (in the absence of chemical 
exchange, to be discussed subsequently). Magnetic field inhomogeneity also con- 
tibutes to line widrh; the ПСМ variation is 5He, and the corresponding, resonance 
frequency range is Aue = YåHo A typical value for this source is 0.1 Hz, so for 
accurate T, measurement a line should be substantially wider than this. This means 
that 7, must be less than (roughly) 1/7 s if the field inhomogeneity contribution is 
to be less than about 10%. 


Ti. Tz, and the Correlation Time 


‘The development thus far can bc summarized as follows: A set ot nuclei (the spin 
System) in a steady magnetic field Hg will ubsorb energy from an rf field H, (normal 
to Ho) at the Larmor processional frequency wo of the nuclei. Upon the absorption 
of energy, the population of nuclear energy levels is altered from the equilibrium: 
Boltzmann distribution appropriate to the sample temperature, so a process occurs 
of energy transfer from the spin system to the rest of the sample (the lattice], the 
driving force being the return to thermal equilibrium. This process is spin-lattice 
relaxation, and it takes place at a rate governed by first-order rate constant UT, 
where T, is the spin-lattice relaxation time. An equivalent viewpoint is that sb- 
sorption of energy from the rf lield generates a component of the spin system 
magnetization vector in the Ho direction (the z direction) different from the equi- 
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librium value Mg in the absence of encrgy absorption. Kelaxation ot M, back io 
Мо occurs with a rate (Mc — МУТ). 

There can also be interactions within the spin system. Adjacent nuclei can interact 
through a dipole-dipole mechanism to cause a transition. The processing moment. 
оГ the nucleus 1 sets up ип oscillating field at nucleus 2; this field will, at some 
time, be m phase with the precession of nucleus 2, which can absorb energy from 
1. The result is a transfer of energy by a spin-spin relaxation process. Because the 
precessional frequencies of nuclei differ by a small amount wo because of local 
incuuced-field differences. the length of time fer two nuclei to come into phase is 
18w. This is the approximate lifetime of a nuclear state; it is written 7;, where 
T; is the spin-spin relaxation time. Reverting to the description in terms of mag- 
netization vectors, absorption of encrgy by the spin system generates components 
of the magnetization vector in the xy plane (the plane of the H, field). These 
components, M, and Му, decay to their equilibrium values of zero with the rate 
Аалаа 1/75. The spin-spin relaxation phenomenon is reflected in resonance peak 
widths (the litetime broadening effect), narrow lines corresponding to long Ta 
values. 

Both spin-lattice and spin-spin relaxation depend or ratcs cf molecular motion, 
for relaxation results from the interaction of fluctuating magnetic fields set up by 
nuclei in the spin system and in the lattice. A quantitative theory of this dependence 
was given by Blecmbergen ct al., who obtained 


аа 9-02) 


"bea 


In Eq. (4-62) ох, is the Larmor precessional frequency, and te is the correlation 
time, a measure of the rate of molecular motion. The reciprocal of the correlation 
time is a frequency, and Ir, may receive additive contributions from several sources, 
in particular Ire, where 1, is the rotational correlation time. 1, is, approximately, 
the time taken for the molecule to rotate through one radian. Only a rigid molecule 
is characterized by a single correlation time, and the value of т, for different atoms 
ог groups in a complex molecule may provide interesting chemical information. 

According to Fy. (4-62), when гато £ 1, T, is proporfionsl to Ire, whereas 
when wor. > 1, T, is proportional to Te. When ve = wo, Та has its minimum value. 
Figure 4-7 is а schematic representation of the relationship between T; and т, The 
physical meaning of this relationship is that coupling between the spin system and 
the lattice is most efficient when the resonance frequency and the frequency of 
molecular motion are equal. т. can be measured by studying the dependence of T, 
On wy (by varying the field strength). For small molecules in solution Tis commonly 
1077 to 17 s. 

Figure 4-7 also shows the thcorctical relationship of Tz to т. At high frequencies 
ow Te), fı and f; are equal, as might be expected Irom the diagrammatic account 
of Fig. 4-6; but low-frequency phenomena (as in very viscous media or in solids) 
provide efficient spin-spin coupling and lead to a limiting 7; value. 

The magnetic dipole-dipole interaction is a genera] mechanism for nuclear re- 
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Figure 4-7, Schematic dependence 
(log-log plot) of y and 7; as functions 
E s. lie enrrelrinr time The mini 





тш n T, оолу Bt Te = Vg 


Incation, but there are some special mechanisms that can be киле ünperanr In 
certain cases. Tf a nucleus possesses an electric quadrupole (I > $), molecular 
motion results in fluctuating electric fields that can induce relaxation. "This can be 
very efficient, resulting iu short relation times and broad absorption bands (as in 
MN). Another relaxation mechanism is provided by paramagnetic substances, which 
possess unpaired electrons. Then the dominant contributor to the relaxation is the 
lange elccron magnetic moment ot the paramagnetic substance. Dissolved oxygen 
makes an important contribution to relaxation in solutions by this mechanism. 





Chemical Exchange 


There is arbitrariness in describing phenomena as either physical or chemical, but 
in some sense the nuclear relaxation mechanisms we have discussed to this point 
are physical mechanisms, based as they are on rotational motions of molecules, 
magnetic dipole-dipole interactions, quadripolar interactions, and so on. Naw we 
discuss a nuclear relaxation mechariem that is chemical in origin. 

Consider a nucleus that can “partition” between two magnetically nonequivalent 
sites. Examples would be protons or carbon atoms involved in cis-irans isomeri- 
zation, rotation about the carbon-nitrogen atom in umides, proton exchange between 
solute and solvent or between two conjugate acid-base pairs, er melerular complex 
formation. In the NMR context the nucleus is said to undergo chemical exchange 
between the sites. Chemical exchange is a relaxation mechanism, because it is a 
means by which the nuclens in ane site (state) is enabled to leave thut мше. 

To make this more specific Jet us consider the proton transfer from conjugate 
base A (site A) te bise B (site B), 





ta 
HA = нв 
ъ 
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where ka and ke are first-order (or pseudo first-order) rate constants. From Chapter 
3 we have 


k= ky kg (4-63) 


where k is an observed first-order rate constant. In NMR it is customary to describe 
rates іп terms of the lifetime 7 of a state, where т = Lk, so Eg. (4-63) becomes 











(4-64) 
а 
-Mh 4-68) 
Du 
The fractional occupancy of the sites is 
PERSA "nS ubi 


PEE Ta | Tn 


From Eqs. (4-65) and (4-66), т = ххтв = aga. For the special case in which 
Ta = Tp, We bave 2T = TA = th. The roul cachange frequency 1s 1/7; the ner 
exchange frequency is $r, because at equilibrium each time a nucleus passes from 
A to B, one also pastes from B to A. no 

We are interested in the effect of chemical exchange on line width, its usual 
manifestation. The total relaxation frequency contributing to line width is 





total spin-spin chemical exchange 
relaxation = relaxation + relaxation 
frequency frequency frequency 





(4-67) 





In Eq. (4-67) Tz is the spin-spin relaxation time in the absence of chemical exchange 
{obtainable by reducing the temperature or from model systems lacking the ex- 
change), ane TA is the spin-spin relaxation time in the presence of exchange Using 
Eq. (4-61), 


1 
Avi) = Дио + = (4-68) 
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Equations of the form of (4-67) aud (4-68) apply то cach site. Equation (4-68) 
provides a route to the estimation of 7- 

‘Ihe quantitative formulation of chemical exchange involves modification of 
the Dlodi eatis making use of Eq. (4-67). We will merely develop a 
qualitative view of the result. ©"! We adopt a coordinate system that is 
Totatin about the applied field Ho in the same direction as the precessing 
magnetization vector. Let va and vy he the Larmor precessional frequencies of 
the nucleus in sites A and D. For simplicity we sel ta = «p. As the fre- 
quency vo of the rotang fume of reference we choose the average of v, and 
vy, thus, 


vo Ё Ол | va) (409) 


As а consequence, from the point of view of this rotating frame, а nucleus at site 
А precesses at frequency (vy — va), whereas a nucleus at site В precessex at 
frequency (ув — vo); that is, the two nuclei (actually their magnetization vectors) 
precess in opposite directions. We imagine several possible cases. 


1. Very slaw exchange. Slow exchange means that the lifetime та = ть in each 

a nucleus in site A precesses many times, ul frequency 
(vo — va) in the rotating frame, before it leaves site A, and similarly for a 
micleus in site B. Thus, there is time for absorption of energy from the radio- 
frequency fiski Hy, und resonance peaks арра al va aud vy in Ube laboraiory 
frame. 

2. Moderately slow exchange. The state lifetime is 27; we ask how the absorption 
Land is affected as this becomes smaller. Ihe uncertainty principle argument 
given carlier is applicable here; lifetimebrosdening will occur as the state lifetime 
decreases. Thus, we expect resonance absorption at (or near) frequencies va and 
ув, but the bands will Бе broader than in the very slow exchange limit. Fquation 
(4-68) is applicable in this regime. 

3. Very fast exchange. If the lifetimes are very short, a nucleus in site A cannot 
preoess to a significant extent before it leaves A to enter B, where it begins to 
preces in the uppusite direction (in the roreting frame), again enters A, and so 
on. Therefore from the point of view of the mtating frame, the nucleus іє 
essentially stationary. In the laboratory frame its frequency is vo, the frequency 
of the rotating frame. Thus, according to Eq. (4-69), a single absorption band 
will be seen at 15, the mean of v, and v4. 





At some stage between cases 2 and 3, coalescence into a single broadened band 
takes place. A fill quantitative treatment requires auulinca regression of the line 
shape to the theoretical relztionshi 

1n general the lifetimes in the two sites are different, and Eq. (4-69) is replaced 
by 





Vo = ХАРА + XVn (470) 
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Figure 448, NMR abserption by а hypulictical twee 
identici] site system with chemical exchange (Л) Slow 
exchange limit. (B? Moderately slow exchange. (D) Со 
lecce. (F) Fust exchange limit 





Ла the slow exchange limit the arcas of the absorption bands arc proportionul to the 
fractional occupancy of the sites, and in the fast exchange limit the observed 
resonance frequency is a weighted average of the site frequencies. Because rates 
ше temperature dependent, it is often possible to contre] the chemical exchange 
regime of a system by changing its temperature, Figure 4-8 shows the behavior of 
a hypothetical system. 

Fhe preceding discussion did not define the terms slow and fast, but their meaning. 
is implicit in the imagined experiment with the rotating frame. In this frame the 
precessional frequencies of the nuclei are (v; — va) and (va — wo), or, using Eq 
(4-69), each of these is equal lo (vy — viY2. H is the exchange rate Ir relative 
to this frequency difference that establishes whether an exchange is slow or fast 
For proton NMR typical resonance frequency differences would be of the order 107 
На, corresponding to а lifetime of roughly 107 s. The slow exchange region would 
Tequite lifetimes much longer than this, the fast exchange limit lifetimes much 
shorter than this. 
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Pulse NMR Measurements 


To this point we have considered the NMR experiment in the conzinuous wave (cw) 
form, in which the rf frequency is swept through the resonance frequency, and the 
signal is displayed as 2 measure of energy absorbed as a function of frequency: this 
is the frequency domain, F(w). However, nearly all modern NMR spectrometers 
operate ina different mode. The sample, in the applied steady йе Hp, is subjected 
to а brief, very powerful pulse of field Ho, thus rotating the magnetization vector 
from its initial value Ma parallel with the z axis to some other direction (ofien in 
the xy plane). Upon cessation of this short pulse, the magnetization relaxes back 
to its equilibrium position in a process called free inducriun decay (FID). The FID 
signal that is detected by the spectrometer is the magnetization component in the 
ay plane. The dependence of this signal on tirne comprises the rime domain, fit), 
of NMR. 

‘The Froquoney and time domeing are related by the Гом 


(c) 








чапәблш, 





Flo) = f* ke “at 


Consequently by collecting the FID signal as а function of time and carrying out 

а Fourier transformation, the conventional NMR spectrum is obtained. This pro- 

cedure possesses great advantages, one of which is the ability to time-average N 
successive FIDs so as to improve the signal-to-noise ratio. 

The Fourier transform of а pure Lorentzian line shape, such ав the function P. 
equation (4-60b), is a simple exponential function of time, the rate constant being cm 
V/T,. This is the basis of relaxation time measurements by pulse NMR. There is N 
опе more critical piece of information, which is thal in the NMR spectrometer only 
magnetization in the xy plane is detected. Experimental design for both T, and 7; 
measurements must accommodate to this requirement. 

Suppose we adopt a rotating frame of reference with coordinates x’, у, z” such 
that the fixed field Hy lies along the г' axis and the x^, у' coordinate system rotates 
about the 2' axis with the frequency of the ficld Hy. Let Hf be stationary along te 
x! axis. > 

In the presence of Hy but the absence of H., a steady state is established, the 
magnetization vector lavig voniporent Mo alung the г" axis, but because of sym- 
metry owing to randomization there is no net magnetization in the x'y' plane. This 
situation is shown in Fig. 4-9, i 

Now let a brief £1, pulse be applied along the x’ axis. "The angle through which D 

the magnetization vector is rotated is Hit, where tp is the duration of the pulse. 
The effect is to induce a magnetization component along thc y" axis. If t, is of 
such magnitude that the magnetization component along the 2' axis is reduced 10 
Zero, the pulse is called a 90° pulse. Figure 4-90 illustiates the systemi imie- 
diately after а 90° pulse. Such pulses zre typically in the range 1-100 ps. This 
is so short a time that no significant relaxation occurs during the time the pulse 
is being applied. 








t M, 





(4) 
(A) Pecessing moment vectors in fie Ho creaz ng steady sture magretizarion vcetor Mo. with Н) = 0. LB) Immediate 


applestien of a 90 pulse along th: x’ axis 
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Figure 49. 
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Now with H, tumed off, the induced magnetization must relax to its steady-state 
value. This is the free induction decay phase. Figure 4-9C shows «n intermediate 
stage in the FID; M, is increasing from zero toward Mo, and M, is decreasing 
toward zero. As we have seen, M, relaxes with rate constam 1/7, and M, relaxes 
with rate constant 1/7. 

Because we only delect magnetization in the x'y' plane, it is UT, that is measur- 
ed from the slope of a semilogarithmic first-order plot of the FID signal against 
time. Actually the cficct of magnetic ficld inhomogeneity, which provides а 
slight dispersion in resonance frequencies, makes a contibitinn to the trans- 
verse relaxation, ard this effect is included in the measured T». The field inhomo- 
geneity effect сап be eliminated by а mukiple pulse technique called the spin echo 
method.??. Chp 10:77 

Because only xy magnetization can be detected, a different stratagem is re- 
quired for T, measurements. First, a 180° pulse is applied, which reverses the 
dussin vf veuur Ma plasig i wu бю ~e’ ani, (ш diis puwes de highe: 
energy state hes been given an cxcess population.) Immediately following the 
pulse, longitudinal relaxation begins, with rate constant 1/7}. Now, after some 
time f, а УО” pulse 15 applied, which induces a шаррепгапоп vector on the 

—у' axis whose magnitude is proportional to the magnitude of the M, vector 
at time t. 

Next a period of time 7 (T >>> Тү} is allowed for the entire system to relax 
to its steady-state configuration. Then the pulse sequence is repeated, with a different 
value for £. In this way the decay of M. is measured by sampling it via the 90° 
pulse. The sequence is called a 780°, t, 90° sequence. ІТ, is found from a semi- 
logarithmic plot. 

Thereis another "hybrid" relaxation time thal can be menstired hy n pulse sequence 
as follows. First, a 90° pulse is applied along the x’ axis, inducing a magnetization 
along y”. This is immediately followed by a long pulse phasc-shifted by 90° so that 
it is applied ulong the у! axis- The magnetization vector along y' is suid to be apin- 
locked, for its transverse relaxation is restricted by the parallel Н, field. Instead, 
s relaxation is analogous то longitudinal relaxation, because it occurs parallel with 
the Æ, feld. For this reason, the corresponding relaxation time is labeled Ti, 
for spin-lattice relaxation in the rotating frame. Tu is closely related to Т, 
(us H, becomes very small, Ti, epproaches Tz, as can be seen by comparing the 
spin-lock experiment with the W)" pulse measurement of 7); but 7, is more easily 
measured.” 

‘The exchange rate Ит in chemically exchanging systems cen be measured by 
pulse NMR via 7; measurements. Comparisons of exchange rates measured by 
continuous wave and pulse techniques sometimes reveal significant differences 
between the twn.?? Beth techniques involve approximations or assumptions that 
may contribute to systematic errors, so that chemical exchange rates, although 
chemically very valuable information, should not be treated as highly accurate 
unless great care has heen taken in the design and execution of the study. Typical 
uncertainties are 10-25%. Examples of chemical exchange rales are given in the 
following pages. 
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Applications 


"The study of chemical exchange by NMR has produced very interesting results. 
Let us first review the accessible time scales. Ll Avo be the frequency difference 
(chemical shift difference) between the magnetically nonequivalent sites. Then the 
slow exchange conditinn ie! £ Avy, and fasi exchange signifies that 77 3» Ang. 
The most general cw technique for extracting т is by total line shape analysis, 
which clearly is restricted to the range bounded by the slow and fast exchange 
limits. Thus, we cnn conclude tht Avy must be of the order unity (say 10 € тйл 
= 0.1). Because Avy is typically 10-100 Hz, this gives the accessible range in т 
as about 10s to 1 s. (These cstimates are for protons. Other nuclei may have 
larger Av; values, se correspondingly sinale: т cen be measured. |29 Il 7 is notin 
this range, it may be possible to adjust the solution conditions to bring it into the 
measurable renge, as by controlling the temperature. 

Another means is available tor studying the exchange kinetics of second-order 
reactions—we can adjust a reactant concentration. This may permit the study of 
reactions having very large sccond-order rate constants. Suppose the rate equation 
isv = Kenly = konsta = T ICA вось = 77! For the experimental measurement 
let us say that we wish т to be about 10^ s. We can achieve this by adjusting ca 
so that the product ken ^ 10? я * for example, if k = 10* М! 51, we require 
сь = 10“ M. ‘this method is possible, because there is no net reaction in the NMR 
study of chemical exchange. 

Much information on proton transfor hac heen ahtained by NMR chemical 
exchange studies.':'* An example is the proton exchange between neopenty] alcohol 
and acetic acid in acetic acid as the solvent.” The reaction is 








ROH* + HOAc = ROH + H*OAc 


and the rate low was found to be 





KROH nose = 17 [ROH bao 


Where Xion. is the mole fraction of acetic acid. which is essentially unity at low 
alcohol concentrations. The spin echo pulse methed was used to measure 72, and 
the proton relaxation tune т was oblained Irom 7; by means of an approximate 
relationship relevant to the line-broadening region. The frequency difference Avo 
was 440 Ни, and т was found to be 0.15 х 10? s, giving k = 6.7 x 105 s**. 

Another example is the proton exchange between H;O and HDO at low water 
concentrations in organic solvents." т values were obtained by line shape analysis; 
ar function of water concentration. At about 1.1 M 
water, 177/871 was 6.7 (in nitromethane), 0.91 (acetonitrile), 1.0 (acetone), 1.6 
(dioxane), 25 (pyridine), 8.3 (dimcinylsulfoxice), > 100 (triethylamine). The pro- 
ton exchange may he caialyred hy HjO* or DH-, or by solvent Iyoninm or lyate. 
species, but for the neutral solvents à water trimer (for which some evidence exists) 
may be involved as shown (S represents the organic solvent): 
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Scheme X 


The hydration of aceteldehyde (Scheme XI) constitutes a process in which an 
oxygen atom exchanges between the solvent and the solute. 


CH.CHO + H,O => CH:CHOH): 
Scheme XI 


This reaction bas been studied in ""O-enriched water, the line broadening of the 
carbonyl and diol О resonance lines being analyzed to give the exchange rate 
." The exchange is cntulyzed hy acid, the exchange rate being related to the 
second-order rate constant by т? = KIT ]. This rate constant wes found lo be 470 
M? s^, in agreement with independent measurements of the rate of hydration. 
Thus, tr appears that me exygen cxchiauge rate van Le Completely accounted for by 
the hydration reaction. 

Rotation about single bords and conformational changes can be studied, Amides 
constitute а classic example, Kecause of the partial double bond character of the 
carbon-nitrogen bond as a consequence of the contribution of 2 to the electronic 
structure, there is an energy barrier to rotation about this bond. 








° OF 
1 | + 

R С—ММе<—>К—С=ММе; 
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Consequently rotation about the carbon-nitrogen bond constitutes exchange of the 
methyl protons between nonequivalem sites, anulogous to cis-trans isomerization: 





о cH Q Ch 

АЖАРА А 2 

F -N = f- Ne 
А 
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Scheme XII 
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‘This reaction has been well studied by МЕ. Another important exchange process 
is the inversion of cyclohexane between equivalent chair forms (Scheme XII), а 
Process in which a proton is exchanged between equatorial and axial positions 


Scheme XIII 


‘This is most readily studied with cyclohexane-d,, in which 11 of the 12 protons 
are replaced with deuterium. The spectrum of cyclohexane-d,, resembles the be- 
havior chown in Fig. 48; st about 100°C (the slow exchange regime) two charp 
lines are seen; these broaden as the temperature is increased, reaching coalescence 
at —61.4°C, and becoming а single sharp line at higher temperatures. (The deu- 
terium nuclei must be decoupled by rf inrediation,) Rate сошмаш» 5^ fur the 
conversion were measured over the temperature range = 116.7°C to ~24,0°C by 
Anet and Bourre.? It is probable that the chais—chair inversion takes place via a 
bom intermediatc. 

"Turning from chemical exchange to nuclear relaxation time measurements, the 
field of UC NMR offers many good examples of chemical information from Тү 
measurements. Recall from Fig. 4-7 that 7, is reciprocally related to te. the cor- 
relation time, for high-frequency relaxation modes. For small- to medium-size 
molecules in the liquid phase, 7, lies to the left side of the minimum in Fig. 47 
A larger valuc of 7, is, therefore, associated with а smaller ., hence, with a more 
тарі гше of molecular motion, It is possible to measure 7, for individual carbon 
atoms in a molecule, and such results provide detailed information an the local 
motion of stoms or groups of atoms. Levy and Nclson™ have reviewed these 
observations. A few examples are shown here, 7, values (in seconds) are noted for 
individual carbon atoms. 








9.3 68128 23 98 
(CHa) C-CH,-CH (CH; 
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ipole-dipole interaction is а very important relaxation mechanism, and 
Mere ы inthe relationship between 7, and the number of protons bende 
to a carbun. The motional effect is nicely shown by the 7, values for ктары 
‘which suggest that the polar end of the molecule is less mobile than the kyd uc 
tail, Comparison cf їч-ойаге with mdecanol shows that the entire iso-octane 
molecule 15 subject tv more mpid gin motion than is n-decanol —compare 

7, values in these molecules. 

he Н the ortho and meta positions in biphenyl relative to ae pus 
position indicates that rotation about dhe long axis ‘of the molecule is the domin; 


motion 


4.4 RAPID MIXING METHODS 


Batch Methods 


of this chapter we pointed uut that the rate of mixing of two 

fen a ayaa 
Kinetic methods. In this section we explore the fastest mixing methods that ha 
been devised. These methods thercfore consulute a spectalized, but otherwise eon 
шош, extension of conventional kinetics into the fast reaction range, 

First let пк consider harch mixing processes, as exemplified by ordinary lel 
ratory practice in solution kinetics. А portion of one solution (гау, ог we ses ve) 
is added by pipet to a second solution (containing the reagent) in a flask. the flask 
is shaken to achieve homogeneity. and then samples are withdrewn at known times 
for analysis, or the solution is subjected to continuous observation as а function of 
time, for exemple, by spectrophotometry. For reactions on a time scele D 
by the half-life) of hours or even several minntes. the time кш in t 14 
operations is а neligible portion of the reaction time, but as the half-life o 5 
reaction decreases, it becomes necessary to consider these preliminary steps. Let 
us distinguish three stages: 








1. The addition of solutions, or their contact, taking a time fau from the beginning 
to the end of the process. | b. 

2. "The mixing of the solutions, requiring a time t... from the beginning of mixing 
niil the solution is essentially homogeneous. Y 

4. The observation or sampling stage, taking time ra. rum the completion ef 
mixing until useful quantitative detection begins 








hese stages may run consecutively or concurrently; thus we might mix duri 
addition, and we coul observe dwing mixing (although mas defined bere is 
пасаш: from the end] a mixing). However, when the total time from the beginning 
of addition to the beginning of data acquisition is significant relative to the half- 
ife, careful analysis of the experiment is required. i 

°з of the ans «bat arises is cpecification of zero time, the time of initiation 
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of reaction. Some reaction takes place even from thc beginning of the addition 
phase, yet until the solution is well mixed, the extent of reaction is not characteristic 
of 2 well-defined system. If the kinetics are first-order, it is not necessary to know 
the actual zero time; we can arbitrarily setz = U at any tme after quantitative data 
are first obtained. However. for reactions of other orders or if we wish to extrapolate 
to Zero time so as to estimate initial conditions, we must specify the time of initiation. 
This is one motivation for reducing £as and fuis 

А more serious problem is that we lose all kinetic information about the system 
until the data collection begins, and ultimately this limits the rates that can be 
studied. For first-order reactions we may ће able to sacrifice the data contained in 
the first one, two, or three half-lives, provided the system "amplitude" is adequate; 
that is. the remaining cxtent of reaction must be quantitatively detectable. However, 
this practice of basing kinetic analyses on the last few percentage of reaction is 
subject to error trom unknown side reactions or analytical difficulties. 

Disenceinns of rapid mixing methods make use of the concept of the dead time, 
which is the time from zero time until detection begins. We have already scen that 
the statement of zero time is ambiguous. It is, moreover, possible that quantitative 
ebscrvation may begin before mixing is complete. The goal of rapid mixing tech- 
niques is therefore to reduce faca and 2, to negligible or at least minimum values. 

Let us examine some batch results. In trials in which 5 mL of a dye solution 
wus added by piper (with pressure) to 10 mL of water in а 25-mL flask, which was 
shaken to mix (25 determined visually), and the riixed solution was delivered into 
а 3-mL rectangular cuvette, it was found that fais = 3-5 £, tig 2-4 s, end fone 
37» э. Ems is characteristic of conventional batch operation. Simple modifications 
сап reduce this dead time. Reaction vessels designed Гог photometric titrations" 
may bc useful kinetic tools. For reactions that arc followed spectrophotometrically 
this technique is valuable: Make a flat “buton” on the cnd of a 4-in. length of glass 
той, Deliver 3 mL of reaction medium into the rectangular cuvette in the spectro- 
Photometer cell compartment. Transfer 10—100 ш. of a reactant stock solution 
to the button on the rod. Lower this into the cuvette, mix the solution with a 
few rapid vertical movements of the rod, and begin recording; the dead time will 
he 38s A commercial version of the stirrer is available 

None of these procedures constitutes a rapid mixing technique, but they define 
the approximate limit of conventional kinetics. A last reaction batch mixing, method 
was devised by Below ct al.” The icavtivn vessel is а vbaniber having quate 
windows for spectrophetorretric observation. A movable baffle divides the chamber 
into two tight compartments, which initially contain the two reactant solutions. A 
spring mechanism quickly raises the batfie, which is designed to produce turbulence 
and thus to increase the mixing rate. About 90% of complete mixing was achieved 
in 10-30 ms. 


Flow Methods 


In flow studies of fest reactions streams of two reactant solutions are forced under 
pressure to meet in a mixing chamber, from which the mixed solution passes to an 
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observation chamber. Lhese methods have been reviewed by Caldin’ and Cnance.** 
Flow methods function in the time range of (approximately) 1 ms to 10 s, so they 
very usefully extend the range of conventional batch mixing, Unlike relaxation 
kinetics (Section 4.2) and ММК (Section 4.3), How methods are applicable to 
irreversible reactions. 

The continuous flaw method was developed in 1923 by Hartridge and Roughton™ 
in aid of their study of the kinetics of the reaction between hemoglobin and oxygen. 
The principle is shown schematically in Fig. 4-10. Solutions of reactants A and В 
are forced by pistons into the mixing chamber, whose design contributes to rapid 
mixing, the mixed solution flows into an observation tube, where detection by 
spectroscopy takes place a distance d downstream fromm the mixer. With continuing 
injection of resetant selufions a steady state is set up in the observation tube. the 
concentrations at aay point being independent of time. If v is the How velocity, the 
distance d is related to reaction time by ! = div. Thus, with a flow velocity of 10 
mol, a distance of 1 om corresponde to 1 me. The time course of the reaction ic 
determined by varying d or v. 

Continuous flow devices have undergone careful development, and mixing cham- 
bers аге very efficient. Mixing i» csseutially complete in about 1 ms, and half-lives 
as short as | ms may be measured. An interesting advantage of the continuous How 
method, less important now than earlier, is thal the analytical method need not 
have а last response, since the concentrations are at steady state. Of course, the 
slower the detection method, the greater the volumes of reactant solutions that will 
be consumed. In 1923 severa liters of solution were required, but now reactions 
can be studied with 10-100 mL. 

Two techniques conceptually related to classical continuous flow make use of 
different injection methods. In опе of these? а reactant solution formed into a high- 
speed jet is injected through a sheet or film of the second solution. The jet speed 
is 40 тв ', and the mixing time is 1 ps. 

Та the second technique, twn streams of microdroplets (ahout 100 pm diameter, 
40 kHz generation frequency, 15 ms velocity) collide to form a single droplet 
stream, which is observed by Raman spectroscopy.’ The mixing time is 200 ps. 
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Figure 410. Schematic diapram cf continuous flow kinetic system. The quantity d is е distance 
from the mixer to the point of observation. 
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Kigure 4-11. Schematic diagram of stopped flow kinetic system. 


Stepped flow is probably the most widely used of methods in this chapter for the 
study of fast reactions. in part because stopped.flow apparatus is commercially 
available at modest cost. Figure 4-11 shows the principle. As with continuous flow, 
the reactant solutions are forced from cylinders or syringes, they meet in a mixing 
chamber, and the mixture flowe into an observation tube. However, after a fow 
milliseconds the flow is abruptly stepped by the forcing of a stopping piston against 
ап arrest. Observation by a fast response analytical method (usually specropho- 
tometty or Muorimetty) is then made as a function of timc. The stopped-flow method 
is, therefore, exactly analogous to conventional batch mixing Kinetic studies (al- 
though until the stopping action occurs, it is a continuous flow system). 

‘The dead time is typically 3-5 ms. so stopped flow is not quite as fast as 
continuous. flow, but it requires less than а milliliter of each solution per run. 
Methods have been described for measuring the dead me; ^ these are based 
upon “standard” reactions whose kinetic behavior is well known. The error intro- 
duced by collecting data before mixing is complete can be corrected." 

Stopped flow is sometimes described as concentration jump Kinetics. Variations 
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Figure 4-02, Stopped-flow study of the pyridine-catalyzed hydrolysis of acctic anhydride, showing 
the formation und decay of the meety руг бдон ion intetmedite. Initiul conconmations were! 0.087 M 
Pyridine, 2.1 x. 10* M acctic anhydride: the pH was 5 5; ionic strength, 1.0 M: tenperatu, 25°C. 

owe hundred dita points (absorbance st 280 nm) were measured in s. The smooth curve is a ft to 
Fq (327). Source: Data of D. Khosstavi and 5 -Г Hist, University ci Wiseensin, 
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оп the technique include the injection of solvent," the combinzrion of stopped fiov 
with T-jump,? and the use of NMR as the analytical method so as to detect short- 
lived intermediates. "^ 

Гірше 4-12 shows a slopped-flow study of the pyridine-catalyzed hydrolysis of 
acetic: anhydride. The absorbance-time curve reveals the formation and decay of 
the reactive intermediate: acetylpyridinium ion. 


4.5 OTHER METHODS 


This is a very seleclive survey of additional techniques; Caldin,! Hammes,? and 
Hague? give more complete treatments. 

‘The study of relative rates by the competitive method can be useful. The principle 
was discussed in Section 3.1 in the context of parallel reactions, for which the ratio 
of the product concentrations is equal to the rafio of rate constants (provided the 
concentrations are under kinetic control), 


Fluorescence Quenching 


‘This is a steady-state competitive method, applicable when a solute is capable of 
fluorescing. We consider the simplest case. The solute A undergoes excitation to 
the excited singlet state A* upon absorption of radiation of frequency vex. 


At hy Ak 


‘The excitation process may generate an excited molecule in eny allowed vibrational 
state, but the excess vibrational energy is rapidly lost, and the excited state species 
may then emit а photon of frequency v., this singlet-singlet transition from the 
excited to ground state being fluorescence. 





i 
AX — А + hvem 


Here Ay. is the rate constant for this process, and wu < na 
AX may also return to the ground state via а radiationless transition, most com- 
monly by collisional transfer cf energy to a solvent molecule. 





cS 
АЖ А 


In the presence of exciting radiation of constant energy, a steady state is established 
between the excitation and deexcitation processes. 

1 a second solite Q ix added that is able, in a second order reaction, to make 
available an additional route for return to the ground state, we can write 


A 
A+ OS A4Q 
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Itas possible that Q’ is an excited state of Q; Ш 50, we will assume that its emission 
spectrum does not contribute to the fluorescence intensity at Vem. Q is called a 


quencher, because in its presence the fluorescence intensity of solute A is reduced. 
The quantum yield Ф, in the absence of quencher is the ralo (No. photons 


emitted)/(No. photons absorbed), or 





am 
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In the presence of Q the quantum yield Ф is smaller because of the additional route: 


he 


Мыктуу 


(4-72) 


In Eq. (4-72), Korg ts 2 pseudo-hist-order rale constant. 
Letting Дь be the intensity of absorbed light and Fo, F the fluorescent intensities, 
wc have Dy = Folla mnd Ф = Fila, хп 





Е ea p (4-73) 
P dd 


Because in the absence of Q thc rate of loss of thc excited state is 





NI = Ce + Асл 





we define the mean fluorescence lifetime то by л! = (ke + Ky). Then Eq. (4- 


73) becomes 


== 1 + kroto (4-74) 


A plot of FoF vs. со is called a Stern-Volmer plot. From the slope, the quantity 
Кел, is evaluated. This is a relative rate. 

In order to obtain the absolute rate constant ka, то must be known. This is а 
much more difficult measurement, requiring specialized techniques. For singlet- 
singled trinstinne my іс often af the onler 1075 к 

‘This approach сап be elaborated to take into account ether possible dispositions 
of the excited state, and it is a valuable means for studying the chemistry of excited 
state specics. Wilkinson has reviewed photochemical kinctics. '? 





Eectrochemical Methods 


Several electrochemical techniques have been devised for the study of fast reac- 
finns 5549 "These methods require that one of the species involved in the reaction 
of interest be electroactivc, so that the reaction under study is coupled to an electrode 
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reaction. We will use polarogriphy ns an cxample of these methods 30 Scheme XIV 
shows the simplest system that can be studied 


un 
А го 
Ka 


O - ne —R 
Scheme XIV 


n this scheme the reversible conversion of A to O is the reaction whose rate is to 
be studied, whereas the reduction of О to R is the electrode process. Scheme XIV 
сап also represent a pseudo-first-order formation of О. A specific example is the 
seid hase equilibrinm nf pynivie cid, chown in Shere XV 


A 
CH,COCOO- 1 H* = CH;COCOUIL 
ka 


CHSCOUUUH = CH4CHOHCUUH 
Schere XV 


This is sometimes described zs a competitive method, the coupling species О being 
involved in two separate reactions. 

‘The electrode current depends on the rates of the coupled reactions, hut by suitable 
adjustment of the electrode potential (into the diffusion current region for the 
electrode reaction) the rate of the reduction resection can be made so fast that the 
current depends only on the rate of the prior chemical reaction. ‘Ihe dependence 
^f the observed current on the presence of the chemical reaction is a measure of 
the rate. 

Consider the pyruvic acid system in Scheme XV. Let HA and A` represent 
pyruvic acid and pyruvate, respectively, and suppose the system is buffered. At 2 
pH well below (he pA, uf HA, a single polarographic wave characteristic of the 
reduction of HA is observed. At a pl] well above the pKa, a wave (at a much more 
reducing potential) is observed that is characteristic of the reduction of АС. 

Now at some pH comparable to pKa, two waves are observed, corresponding to 
the reduction of both ПА and A. Tbe currents are proportional to the concentrations 
of the electioreducible species, Because the pH and pK, are known, the concen- 
tations of ПА and Аг in the bulk solution can be calculated. It is then found that 
the observed polarographic currents cannot be accounted for on the basis of the 
known bulk concentrations. It is concluded that the ratio of the concentrations at 
the electrode surface is different from the ratio of bulk concentrations, and this is 
а Consequence of the coupling between the chemical and electrode processes. In 
the pyruvic acid system, HA can ће converted to the hydroxy acid hy the electrode 
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process, and it is also releted to А by the chemici rcactiuu. A comperisen between 
the polarographic result and thet calculated for the bulk concentrations (absence of 
the chemical reaction) Iceds to an estimate of the rate constants 

The theory of rate measurements by electrochemistry is mathematically quite 
difficult, although the experimental measurements are straightforward. The tech- 
niques are widely applicable, because conditions can be found fer which most 
compounds are electroactive. Ilowever, many questionable kinetic results have been 
reported, and some of these may be а consequence of unsuitable approximations 
in applying theory. Another consideration is that these methods are mainly applicable 
to aqueous solutions at high ionic strengths and that the reactions being observed 
але not bulk phase reactions but аге taking place in a layer of molecular dimensions 
near the elerinods surface. Despite such limitations. useful kinetic results have been 
obtained 





Common ton inhibition 


Suppose in Scheme XVI that the steady-state approximation is applicable to the 
intermediate A '. . 


k 
AX =At HX 
ka 
^ 
A^ = products 
Scheme XVI 


Then the observed rate constant Kis given by Eg. (4-75). 


kika 
- D 75 
Sxl tk um 


which can be rearranged to Eq. (4-76), a lincar plotüng form 


EX] + X (4-76) 
ke A 






7. 
к 


The rate constant k is measured as a function of (added) concentration of the 
"common ion” X-, anc from the plot according to Eq. (4-76) the ratio k/ko = 
SlopeAntercept 15 evaluated. 

If the intermediate is very unstable, large rate constants may he measured in this 
мау. Thus, Amyes and Jencks”? studied the hydrolysis of o-azidocthers (Ny , the 
azide ion, being the common ion), finding (because k, had been independently 
`4) k; values in the range 107 to 1010 M^! s ! for the reaction with water. 
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PROBLEMS. 


1. For the тее sahame 


A+R = C = р+ь 


1 А Ju 
G+H = I 2 KAL 


how many relaxation times are there? 
2. For the reaction 





A*CCBC 
ka 


where C is a catalyst, write the expression for relaxation time in terms of system 
parameters. (You should be sble to do this by inspection ) 
3. For the system 


h 


А+в=?С 
ba 


derive the relaxation time expression. (Pay attention to the stoichiometric 
factor 2.) 
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4. Fur the kinetic scheme 


10. 


п. 


12. 


13. 


^ Бейтин the rate constans for Ше acid-base equilibrium of formic aci 





firul am expression for the relaxation time in terms of tlie system parameters 


fora small perturbation of the system. 


. Consider this fast reaction as it would be studied by а small-perturbation 


chemical relaxation method. 


а 
Акас + р 
ka 


Suppose the relaxation time « is determined under conditiona such that svautaiit 
B is buffered; that is, essentially no change in the concentration of B occurs 
during relaxation. Derive an expression for їп terms of the rate constants and 
equilibrium concentrations. 





- Show how the four rate constants of Scheme Ш can be found from measure- 


ments of т, and тп. 





water. 


- The relaxation time for this reaction 


Ht + OW =H, 





ш waler at neutrality and 25°C is 3.5 X 107“ 5. What are the ion recombination 
and dissociation rate constants? 

For the rate of proton transfer between the lyonium ion (MeOH; * ) and solvent 
(MeOH) and the lyatc ion (MeO ) and solvent, Grunwald et al. give this 
result: 


Foie of proton = &8 x 10! (MeOHS] + 1.85 x 10” [MeC-] 


transforms 


What are the second-order rate constants for these processes? 

Sketch the 1807, 1, 90 pulse sequence for T, determination in the style of Fig 

49. 

Explain why, in the study of ап acid-base equilibrium, wc observe absorption 

peaks of both species (conjugate acid and base) when using electronic absorption 

spectroscopy, but only a single peuk by NMR. 

(@) Calculate the NMR peak width at half height in the absence of chemical 
exchange and field inbomogencity if 7; = 1s. 

(©) For fz = 1з, calculate the peak width if the system is undergoing chemical 
exchange with + ~ 0.1 s. 


The °C 7, for benzene is 29 s, whereas that for methanol is 15 s, Interpret 
these results. 





CHAPTER 5 


Theory of Chemical Kinetics 





Farlier chapters have dealt primarily with the phenomenology of chemical kinetics, 
that is, the observation and description of kinetic phenomena. We now tum to 
Kinctic theory. Theorists have two requirements of a successful theory of rates: that 
it disclose the factors that control reaction rates and thal it permit the calculation 
of rates from first principles, which in this context means from nonkinctic infor- 
mation, such as molecular size and shape, spectroscopic data on vibrational modes, 
and physical properties like viscosity and density, Experimentalists, among whom 
же will count ourselves, ask something eke from a theory. We need a conceptual 
framework with which to interpret our kinetic data. We do not require thal we be 
able to calculate a rate constant or an activation energy from first principles: we 
are willing to measure these quaniifies, but we wish then to leam how they may 
he related to system: variables or to similar quantities for other reactions. We may 
even hupe fur sune level of predictive ability by combining experimental findings 
with theoretical guidance. This chapter is designed to provide a basis for these 
needs. 

Keviews of reaction rate theory by Laldler' and Wayne? aie very helpful. A 
classic book by Glasstone et al? is still an excellent introduction to the subject. 
Eyring et al.* provide en advanced, detailed treatment of kinetic theory. 


5.1 THEORETICAL APPROACHES, 


The Arrhenius Cquation 


A large portion of the field of chemical kinetics can be described by, or discussed 
ап terms ol, Eq. (5-1), the Arrhenius equation. 
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‘The Arrhenius equation relates the iate constant k of an elementary reaction to the 
absolute temperature Т; R is the ges constant. The parameter E, is the wetivation 
energy, with dimensions of energy pet mole, and A is tbe preeaponential factor, 
Which hus the units o£ A. IL А is a first-order rate constant, A has the units seconds”, 
Зо it is sometimes called the frequency factor. 

The Arrhenius equation is best viewed as an empirical relationship that describes 
kinst date very well. I1 1S commonly applicd in the linearized form 


(5-2) 





and an Arrhenius plot of log k apainst ШТ yields E, from the slope of the staighr 
Jine- This description implies that A ard E, are temperature independent, an im- 
plication that is difficult to test because of the small temperature range usually 
employed in sich studies. We will vsbocquently vouuwut un hc possible temper- 
ature dependence of these parameters, but it is reasonable to accept that they are 
essentially independent of temperature except in unusual circumstances, 

Because it is а goal of küxtix tlicury to calculate rates (or rate constants), this 
is equivalent to calculating A and E,. Thus, the aim of theory is to give theoretical 
expressions for the preexponential factor and the activation encrgy. А central ques- 
tion fon Шел y is this: If same molecules react (in unittime), why do not all molecules 
react? That is, why do some molecules behave differently from others in the same 
assemblage? The answer given by Arrhenius is that a molecule must possess some 
imresnoid energy c betore it can react, and the fraction of molecules that possess 
this amount of energy is given by the function exp(— e/KT). This idea accounts for 
the exponential nature of Eq. (5-1), and. in some farm, this concept is embodied 
in all theories of chemical kinetics. 


Collision Thecry 


We are concemed with bimolecular reactions between reactants A and R. It is 
Evident that the two reactants must approach each other rather closely on a molecular 
seale before significant interaction. between them can take place. The simplest 
Situation is that of two spherical reactants having, rudi ra and гы, reaction being 
Possible only if these two particles “collide,” which we take to mean thatthe distance 
between their centers is equal to the sum of their radii. This is the basis of the hard- 
sphere collision theory of kinetics. We therefore wish to find thc froqueu y of such 
bimolecular collisions. For this purpose we consider the relatively simple case of 
dilute gases. 

Suppose particle A moves through space with average speed v; А will collide 
with а В particle if their center-to-center distance is less than си eval to ra 4. ry. 
Thus, particle A sweeps ош an area 72, + гь)% in which it «an collide with В, 
und the corresponding volume swept out pcr second is "a + rev. If the con- 
centration of В is n molecules em, the number of collisions of B particles by 
this single A particle, per second, is (кл + гаўпыр. However, the volume also 
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io umber of 
contains A particles at concentration пл molecules cm, so the total m 
collisions per second is 








Z= Wr, + reF nated (5-3) 
The average molecular speed is* 
ae (em 64) 
on (ce 
where p is the reduced mass, 
mme (5-5) 
к Ma + тн 


ma ard ma being the molecular masses of A and B. Combining Eqs. (5-3) and (5- 
4, 





8akT)\ ^ 
Z = тулик + ra)? ( ) 69 
" 
i 5 

ion (5-6) can be derived in a more rigorous manner. | 
7 RE gives the number of bimolecular collisions per unit time and 
volume, but not all of these collisions teat tu аНЫН anl ою we write коша 

collision frequency X fraction of collisions having energy equal to or great 


that required for reaction, or 


dn Rr en 
= 2 ge 
dr 





where E is the required energy (per mole). To convert this to the usual units of 
molar concentration c we use the relationship c = 1?x!N,, where Na is Avogadro"s 


aumbcr. Then de/dt = (10'/N, уйл, ог 








а 
dex den _ Deus MP di 
WOW Ы Е. ма 
This gives 
_ dn _10Чиув ah 
а-к, 


Comparing Eqs. (5-7) and (5-8), 
к= Tae i i (5-9) 
DS 
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where Z is given by Eq. (5-0). Equation (5-9) can be written 
k = Ac Ear (5-10) 


which is of the Arrhenius form, the preexponential factor being given by Eq. (5- 
1D. 


A = 10N GG, + ғ) т)? (5-11) 


Note that A is predicted by collision theory to be proportional to T". For bimolecular 
reactions A has the units M^ s! (liter pcr mole per second). 

Let us estimate а typical value for A. Choosing za = n= 5 Å, p = 2 x ur? 
БТ = 300K, we find A~4 x 10" Ме". This is for the gas phase. In solution 
the situation is somewhat different because of the solvent cage effect described in 
Section 4.1. During each bimolecular encounter within a solvent саре, cover! 
collisions may nccur. This results in a predicted A value for liquid solutions some- 
what larger than that for pases.” 
The temperature dependence of A predicted by Eq. (5-11) makes a very weak 
contribution to the temperature dependence of the rate constant, which is dominated 
by the exponential term. It is, therefore, not feasible to establish, on the hasis of 
temperatur: studics of the rate vorstaut, whether the predicted T'? dependence о! 
A В observed experimentally. Uncertainties in estimates of A tend to be quite large 
because this parameter is, in effect, determined by а long extrapolation cf the 
Aulicuius pla 10 VT = 0. 

Tests of the collision theory consist of comparisons between calculated and 


experimental values of the preexponential factor, the comparison often being made 
in terms ol a ratio Р defined by 











A (observed) 
A (calculated) 515 
Considering the extreme simplicity of the hurd-sphere collision thoory, it is rv- 
matkable that for many reactions, in both the gas and solution phases. Р is very 
clase to unity. There are examples of P values, however, that are very much smaller 
or larger than unity. Table 5-1 gives sume results for reactions in solution. | These 
are drawn from a book by Moelvyn-Hughes,? who has been the leading proponent 
of collision thcory applied to solution kinetics.] Several factors may contribute to 
P values thal are far from unity. Perhaps the most obvious of these is that reactant 
molecules arc not spherical. The simple collision theory takes no account of the 
geometry ef approach required for reaction to occur, and because severe steric 
Constraints may exist, very low P valucs may result from this effect. Another factor 
is thal the collision may not result in the kinetic energy possessed by the reactants 
being delivered where and when needed in order for reaction to occur. Calculations 
for reactions in solution are further complicated by the presence of the solvent. It 
must also be remembered that the theory applies to elementary reactions, and many 
solution reactions are complex. 
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“TABLE 5-4. Kinetic Data and P Values for Some Solution Keactions 











100 A 

Reaction Sehen — Ekeal mor Observed Culcalaed P 
HBr + OH сон 214 130 эш ози 
GHU + сни canon 193 тзг E = 
CUCO; + Он но 259 455 2.86 15 
CHBr + Г CHOH 25.1 i io an 
HOCIbCILC] | OH HO m ж т 
&СНСНО + Сн CHOH 212 8.49 їз ал 
CHACHASCI + г (CH),CO 20.7 0.085 E 
(CES;SO, + CNS CHOH na 0.19 19! 000 
рано" + CHE CHOH 210 0.10 ану эши» ed 
(CHOWN + CHBr Суң 11.2 s = аз чүн 
Сун + CHA сс. 52 - = 20 > 10° 
URES T Call canon p " 
Lactose + КО њо 247 = - б 
‘Sucrose + НО? но 258 - E 53 x 10 
Meliicne + а? но 38.6 — 15х10 





Source: Reference 9. 


Some P values are greatly in excess of unity, and these may result from very 
favorable entropic contributions. This factor can be considered quantitatively later. 
3 € Dé conic theory does not provide a derailed interpretation of the energy 
barrier or a method for the calculation of activation energy. It also fails to lead to 
interpretations in terms of molecular structure. The notable feirure of cullisivn. 
theory is that, with very simple means, it provides one basis for defining “typica! 
or "normal" kinetic behavior, thereby directing attention ю unusual behavior. 


Potential Energy Surfaces 


If we were to calculate the potential energy V of the diatomic molecule AB as а 
function cf the distance rap between the centers of the atoms, the result would be 
а curve heving a shape like that seen in Fig. 5-1. This is а bond dissuciation cur ve. 
the path from the minimum (the equilibrium internuclear distance in the sion 
molecule) to increasing valves of гун describing the dissociation of the molecule. 
nal to take as the zero of energy the infinitely separated species. 

Most chemical reactions are more complicated than this one, ard the system 
potential energy is a function of more than one variable. Consider this reaction, 
which is a generalized group-transfer reaction: 





A4 BC АВ +С 


i іп colinear throughout the 
In the simplest case the AB and BC bond axes will remain col к 
pite iens potential cnergy сап he expressed ак a function of the bond 
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= 

















enne _ Formos Potential energy curve for dstomic molecule AB, Иглы)! the potential energy 
ras he internuclear disamar. т. е the equilibrium inteewelcas ditas, i E is 1 
energy. (The zero point energy is neglected in the fgure ) eee M 


distances. Fay and rec, and a three-dimcnsional figure could be constructed with V 
Qn the z axis, and ray, rac Serving es tbe x and y coordinates. This figure constitutes 
2 pea) energy surfzce. If the potential energy depends upon more than two 
7 Files e-e. upon ran Tic, and the angle A-B-C in thisexample), a hypersurface 
үе юы suci required to reese the system. Simplification is often 
lieve a convenient form of re i 
two variables. We will continue the discussion by rene, e Чы ш iu 
x ihe A-B-C angle being 180°, i.e., the colincar case. puo iae 
For representation in two dimensions it i» convenient to draw a contour may 
Сазон ze s Epic map of geographic features) in which ran and rec pa 
тае сото, and contours of constant potential energy are drawn. A hypothetical 
ecol "Ey contour diagram is shown in Fig. 5-2. If the rae distance is very 
aer qe System consists cf compound AB (with C far removed), so a section 
ee line ab is equivalent to Fig. 5-1. 
oteutial energy surface ennsists of two valleys separated by a col 
= тан System will tend to follow а puth of MELIA pru D EE 
me B iem the initial state of reactants (А + BC) lo the final state of prodects 
ET This pall is indicated by the dashed line from reactaris to products in 
2. 5-2. This path is called the reaction coordinate, and a plot of potential er 
as a function of the reaction coordinate is called a reaction seor more dagen, 
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Figure 5-3 is the reaction coordinate diagram for Fig. 5-2. Note the region of the 
maximum potenti] energy on the reaction coordinate: this region assumes great 
importance in kinetic theory. At this point the reacting system is unstable with 
respect to motion along the reaction coordinate. However, at this same point the 
system possesses minimum energy with respect to motion along dashed line cd. 
This portion of the reaction coordinate is called the transition stare of the reaction. 
(This concept was introduced in Fig. 1-1.) 

Before discussing the kinds of kinetic information provided by potential energy 
surfaces we will briefly consider methods for calculating these surfaces, without 
going into detail, for theoretical calculations are outside the scope cf this treatment 
Detailed procedures arc given hy Eyring el al.* There are three approaches to the 
problem.! The mest basic one іє purely theoretical, in the sense that it «ses only 
fundamental physical quantities, such as electronic charge. The next level is the 
semiempirical approach, which introduces experimental data into the calculations 
їп а Hiit way. ‘The third eppiwest, the empirical one, makes extenso we of 
experimental results. 

A fully theoretical calculation of a potential energy surface must be а quantum 
mechunical calculation, and the mathematical difficulties associated with Ше retta 
require that approximations be made. The first of these is the Bom-Oppenheimcr. 
approximation, which states that it is acceptable to uncouple the electronic and 
nuclear motions. This is a consequence of the great disparity in the masses of the 
electron ard nuclei. Therefore, the calculation can proceed by fixing the location 











Figure 5.2. А hypothetical potential energy surface for the reaction A ~ BC» АВ + С. 
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Potenti 





^«BC 


Initial Firat 
state stoje 


Reaction coordinate 





Figure 3. Renction coordinnte diaga for the potential energy surface of Big. 3-2 


of the muctei and calculating the potential хакиру duc to the electronic configuration 
for this particular nuclear geometry. Then the nuclear separation can be changed 
and the calculation repeated, and so on, to map out the entire surface. The second 
assumption is that the electrons remain m the same electronic energy state (usually 
the ground state) throughout the reaction. This is the adiabatic assumption; it leads 
to the result that a single potential energy surface describes the entire reaction. 
Wilterent electronic states Ісай to different potential energy surfaces, and it is 
Possible for a reacting system to cross over from one surface Io another.) 

The most extensive quantum mechanical calculations have been done on this 


reaction: 


H+ п-н H-H + на 


‘These calculations began in 1927 with Нейос and London's approximate quantum 
mechanical treatment of the Hz molecule, which led to Eq. (5-13) for the cnergy. 


PERI 
reS 





E 





Gam 


Here Q. J. and 5 arc the coulombic, exchange (resonance), und overlap integrals, 
respectively. Use ol the positive signs gives rise to the lower energy (bonding) 
state, hecause the integrals ate negative. The curve in Fig, 5-1 has the shape of 
Eq. (5-13) taken with positive signs 
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If thc overlap intcgral is neglected, the Heiller London equation becomes 
Е=б +) (5-14) 


which bappens to reproduce tbe experimental binding energy for Hz better than 

does Eq. (5-13), bur this is considered to be a consequence of error canccllation. 
London next extended this treatment to the system of three hydrogen atoms, 

which we may designate A. B, and C. He wrote Lig. (5-15) for this system. 





E = Ок + Ов + Qc + 10А – Je + Vs — Jc + (c — ЈА 


(5-15) 


The Q's and J's are coulomb and exchenge integrals defined as shown in Table 
5-2. Notice that when A is infinitely separated from the B-C pair, On. Or. Ja, Je 
are all zero, and Eq. (5-15) collapses to E = Q, + Ja, as it should. Similarly it 
gives the appropriate result for the other extreme cases. London did not derive Eq. 
(5-15). but it has since heen derived and is known to apply only to s electrons; 
moreover it neglects the overlap integrals. 

Potential energy surfaces calculated by means of the London equation (5-15) 
cannot be highly accurate, but the results have been very useful in disclosing the 
general shape of the surface and the reaction coordinate. The London equation also 
Torms the basis of some semiempirical methods. 

А ине мыш quantam mechanical approach makes use OF ie variartona! 


mcthod ^ P- © The goal is the solution of the basic wave equation 








Hy = ар 
but this is not possible for many-clcctron problems. The wave function ij can be 
expanded in terms of eigenfunctions, фу, and il can be shown that, no malter how 
Ф, is chosen, the integral 

J biter 
сап never be smaller than the true energy of the system. Thus, by choosing many 
functions and evaluating the integrals, the lowest result will be closest tc the correct 


Тали: 6-2. Wentfication of Coulombic and xchange 
Integrals for the Thrve-Ficetron Syster“ 








Abser Presem Coulombic. Exchange 
A BC On d. 
" AC Oe de 
с АВ Qc de 
See Ea. (5.15). 
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‘one. Many functions tave been devised for the application of the variational method 
10 the H + Н, problem," and this system seems to be fairly well understood. 
Calculations from first principles for more complicated reactions are much more 
difficult. 

‘The semiempirical methods combine experimental data with theory as а way to 
circumvent the calculational difficulties of pure theory. The first of these methods 
Jeads to what are called London-Lyring—Polanyi (LEP) potential energy surfaces, 
Consider the tristomic ABC system. For any pair of atoms the energy as а function 
of intermolecular distance r is represented by the Morse equation. Eq. (5-16), 


E = ре еа ее rea) (5-16) 


Where req is the equilibrium internuclear distance, D is the bond dissociation ener- 
gy (scc Fig. 5-1), and B is a constant that can be calculated from spectroscopic 
data 2.7 3! Eyring and Polanyi mado the acsumption that the ratio of coulombie tu 
total energy is approximately constant (independent of r) at 10-15% (based on 
ешїсг theoretical calculations of coulombic and exchange integrals by Sugiura). 
Thus, taking the BC pair, we have from de Loudon equation E = Q, = Ja, from 
the Morse equation Е is known, and with the above assumption QE is known, 
Thus, Ол and J, can be individually evaluated as functions of rac. In the same 
manner Qu, Ja, Ос, Jc are found. These quantities are then used in the London 
equation (Eq. 5-15) tn caleulate the energy of the triatomic system st various 
internuclear distances and thus to construct the LEP surface. 

The LEP method gives useful estimates of activation energy, but it produces the 
interesting result (for the H + Hz system) that there is a shallow basin at the 
transition state; on a reaction coordinate diagram this would be seen as a slight dip 
at the top of the energy barrier. This basin implies that the triatomic species at the 
transition state has seme stability relative to motion in all directions—that it is in 
Some sense an intermediate. Quantum mechanical variational calculations do not 
reveal this basin, and it is probably an artifact of the LEP procedure, To overcome 
this defect of the LHP method, Sato replaced the assumption of the constant ratio 
‘of coulombic to total energy with an alternative route to the estimation of die 
coulombic and exchange integrals. Other changes were introduced, so the LEPS 
method is itself quite arbitrary, hut it climitatcd the basin at the top of the energy 
barrier. However, the profile alung the reaction coordinate of an LLPS surface 
reveals that the barrier is exceptionally “thin” and, therefore, suggests more quantum 
mechanical tunneling than seems appropriate. Other modified LEP methods have 
лал devised in order to eliminate the transition slate basin. It appears tobe necessary 
that the ratio of coulombic to total energy approach unity as the internuclear distance. 
increases if the basin is to disappear. ^! 

Eiupirical methods arc of two types: those that permit potential energy surfaces 
to be calculated and those that only allow activation cuergics Wy Uy calirmated. 
Laidler! has reviewed these. A typical approach is to establish a relationship between 
experimental activation erergies and some other quantity, such as heats of reaction, 
and then to usc this correlation to predict additional activation energies. In Section 
5.3 we will encounter a different type of empirical potential enerpy к 
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Sometimes potential energy surfaces are plotted with “skewed” axes; that is, the 
Tag and ryc акеў meet zt an angle less than 90°, This is done so that the relative 
kinetic energy of the three-body system сап be represented by the motion of a single 
point over the surface. In erder to achieve this condition it is necessary that the 
cross-produxt terms in the kinetic energy drop cut. The calculations have been 
desceihed?: PP 107: 19 Rerne: our use of potential energy surfaces is qualitative 
we will represent them on rectangular axes. 

Letus now turn to the surfaces themselves to learn the kinds of kinetic information 
they contuin. First observe that the potential energy surface of Fig. 5-2 ie drawn 
tw be symmetrical about the 45° diagonal. This is the type of surface to be expected 
for a symmetrical reaction like Н + Н; = Hy + H, in which the reactants and 
Products are identical. The corresponding ламіла voerdinate diagram iu Fig. 5-3, 
therefore, shows the reactants and products having the same stability (energy) and 
the transition state appearing at precisely the midpoint of the reaction coordinate. 

Another feature revealed by these graphical representations (when tney result 
from quantitative calculations) is the “thickness” of the energy barrier that separates 
the initial and final states. "This is important in those systems for which quantum 
mechanical tunneling may be significant. According to classical mechanics, a re- 
actant system that does not possess sufficient kinetic energy to surmount the barrier 
cannot cross the barrier and, thus, is prevented from being transformed into the 
product state. Quantum mechanics makes a different prediction. Ore way to consider 
this is to recall that particles may be associated with a corresponding wavelength 
by the relationship A = А/ту. where № is Planck’s constant. and m and v are the 
mass and velocity of the particle. In effect, if the wavelength А is comparsble to 
the thickness of the barrier, it is conceivable that the particle can "leak" through 
the barrier by a diffractionlike mechanism. Because A is inversely proportienal to 
mass, this effect is chemically important only for the very light particles Н“, H, 
H, and the electron, 

Lotus now аллы a diciuicel сакои whose initial aun final states arc different, 
Then the potential energy surface will not be symmetrical. This geological analogy 
will be helpful: Suppose the valleys are formed by erosion. Then the valley that 
has eroded faster (or fora longer time) will be both deeper and tonger than the less 
eraled valley, with the necessary consequence that the saddle between the two 
valleys is shifted toward the shallower valley. Figure 5-4 shows such a surface on 
which the reactant valley is longer and deeper than the product valley; clearly the 
transition state is located closer to the final state than to the initial state as a result 
of this disparity in stabilities. 

Figure 5-5 is the corresponding reaction coordinate diagram. This type of surface 
ог behavior is variously described as repulsive, late downhill, late transition state, 
ог productlike transition state. А further interpretation somtimes made is that for 
the overall reaction A + BC— AB + C, if thc transition state is productlike, the 
A-B bond is largely formed in the transition state and has properties similar to 
those it will have in the final state. Therefore, the decrease in potential energy as 
the system passes over the transition state downward to the final state is largely 
manifested as an increase in the distance between В and C, that is, as translational 
energy. 
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Figure 5-4. Potontal energy eurlace with a kate transition vite. 
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Figure 5.6. Reaction coordinate diagram conespending to Fig. 5-4, showing that the initial stete is 
more stable than the final state and the tresitien ste ie predortite 
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Figure 5-6. Potential energy curface with an early transition etate 


Now see Fig. 5-6, in which the product valley is deeper than the reactant valley. 
This is called an attractive, early downhill, early transition state, or reactantlike 
transition store surfoce. Figure 5-7 is the correspording reaction coordinate diagram. 
In this case the transition state is reactantlike, so the A-R distance is much greater 
than it is destined to be in the final state. Consequently, as the system descends 
the potential cnergy surface into the product valley, the A-D bond length undergoes 
adjustment, which may be taken to mean that part of the translational energy of 
the initial state is converted to vibrational energy in the final state, The trajectory 
shown in Fig. 5-6 is Inrenccd то convey this meaning. 

This question of the location of the transition state on the reaction conelinate is 
central issue in the study of reaction mechanisms, and we will return to it in 
Section 5.3. 

A further point is that owing to the kinetic energy of the particle (whose trajectory 
represents the motion of the chemically reacting system), it is possible for the 
trajectory to deviate somewhat from the path of minimum potential energy as it 
‘crosses the saddle point. The centrifugal force on the particle may сапу it on a 
‘course that results in the actual energy change being somewhat different from the 
Potential energy barrier height. 

Because the accurate calculation of a potential energy surface from first principles 
for a reaction in solution is—may always he—impracticable, it seems best for our 
Purposes to regard such a construct ss а qualitative guide, a heuristic concept, 
capable of leading us to insights such as the meaning of activation energy and 
allowing us to think about what happens to а chemically reacting system between 
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Figure 57, Reaction ccorlirate diagram for Fig. 5-6. The final state is more stable than the initial 
эш, and the transition state is reactanllike 


the initial and final states. In осоп 5.3 we explore these uses. Another fruitful 
result of the potential encrgy surfacc concept has been the development of a queu- 
titative theory for the rate constant; this is the subject of Section 5.2 


5.2 TRANSITION STATE THEORY 


Shortly after the development of the potential energy surface concept, several 
authors, most notably Evans, Polanyi, and Eyring, developed yuantilative tlicuries 
of reaction rates based on the idea of the critical role of the transition state in 
controlling the rate; Glasstone et al." review the early developments. Тһе chemical 
species existing in the transition state region of the reaction coordinate was named 
the activated complex, so the theory is sometimes called acrivared complex theory. 
Tn an altemative terminology, transition state is interpreted to mean both the region 
at Ше maximum on the reaction coordinate diagram. and the species that inhabits 
this region; thus we have the transition state theory. We will use the transition state 
terminology, despite its imprecision, because the word complex tends to be overused 
in chemistry. Transition state theory has also been called absolute reaction rate 
theory 
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Assumptions ot the Iheory 


Transition state theory is based on these three postulates: 





п passing from the initial state to the final state over the potential energy surface, 
the reacting system must traverse a region of the reaction path, called the 
transition state, whicse potential energy is the highest encrgy on the path. Figures 
52 to 5-7 illustrate this idea 

2. The chemical species in the transition state is in equilibrium with the reactant 
slate. This assumption is discussed below 

3. The rate of reaction is equal to the product of the concentration of transition 
stile species farmed from the reactant state and the frequency with which this 
species passes on to the product state. 





n elementary reaction, which from thie point of 
may be defined as a reaction possessing a single transition stale. A complex reaction 
is then a set of elementary reactions, the potential energy surface of the whole being 
moun. Thus, for two consecutive renctions the product of the first reaction is 
the reactant of the second. Each reaction has its own transition state. 

Let us examine the equilibrium assumption of transition state theory. Consider 
a reversible elementary reaction ar equilibrium. Because the initial and final states 
are at cquilitrium, assuredly the transition state is in equilibrium with each of these. 
(It follows that for а rection at equilibrium, transition state theory is exact insofar 
а$ the equilibrium assumption 1 concerned. ) 

Now suppose that, from this equilibrium situation, the final state is instantaneously 
removed. The production of transition state species by the product state will cease. 
However, the production of transition state species by the reactant stale is unaffected 
by this suppression of the final state, and, according to the third postulate of the 
theory, the rate of reaction is а function of the transition state concentration formed 
from the reactant stale. This is the usual argument for the equilibrium assumption. 
Despite its apparent artificiality, the equilibrium assumption is generally considered 
to be fairly sound, with the possible exception of its application to very fast re 
actions. 











The Partition Function 


The derivation of the transition state theory expression for the rate constant requies 
some ideas from statistical mechanics, so we will develop these in a digression 

Consider an assembly of molecules of a given substance at constant temperature T 
and volume V. The intal number N of molecules is distributed among the allowed 
quantum states of the system, which are determined by 7, V, and the molecular 
structure. Let л, be the number of molecules in state i having energy v, per molecule. 

Then n, is related to c, by Eq. (5 17), which is known as the Doltamarn distribution. 


т = ect (47) 


202 KENNETH д COWNUHES 


In Eq. (5-17), & is the Boltzmann constant; k is RIN, = 1.380 X 10716 erg 
K^ = 1.380 X 107* 1 K^. The parameter А is the absolue activity; it 
depends upon temperature, but is a constant for all the i quantum states of the sys- 
tern. "The absolute activity is related to the chemical potential p (per molecule) by 








A= eer 


юн = AT Ind. 
Figure 5-8 is a plot cf Eq. (5-17), showing how the number of molecules having 
energy c; decreases as e; imacases (al constant T). This plot also reveais that КТ 
is a natural unit of energy on the molecular scale (KT on the molar scale). 
Let us now ask what fraction of the total number N of molecules is in the quantum 
state having energy ej. We define this traction by 
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7 Figure $8. Ма of Fa. (5-17), the Boltz- 
meon distribution. r is the number of mole- 

nish tiles having energy « 
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The fraction f, may also be interpreted as the probability that г molccule will be 
in the state having energy cy 

The denominator in Eq. (5-18) is extremely important, because it represents the 
distribution of molecules over all of the states available to them. We therefore 
distinguish it with the symbol Q and the name partition function. 


Ф = fe (5-19) 


‘The term partition function conveys the idea of distribution over states; the German 
word is Zustandsumme, sum of states. From the above relationships, we have 
N = AQ and y. — KT In (N/Q). 

We now explore some properties of the partition function. A molecule possesses 
electronic, vibrational, rotational, and translational energies, and with the assump- 
tion that the several contributions to the total enerey are independent we will find 
that the total partition function is factorable.' To make the argument, suppose 
the system can be described in terms of two subsystems (e.g., vibrational and 
rotational) a and b, each having two onergy levels, 1 and 2. A melecule may be 
in the state described by e, cr куә, and at the same time be in the state having 
energy еы, OF вы, 50 the possible total energy states are (кш + ғы), (Far + гы), 
(кюз + еы), (ешр + ем), and the system раціо function is. 


Q = eT + овара у gina tenn у glare 
This can be written 
Lp ныйт ү осы тт ү аз! обы + geal „зы 
e 

О = (eth + et) (omn + e-on) 620 
Let us define partition functions tor the subsystems a and h: 

Ya = Хет. qp = Уест 6-21) 

Comparing Eqs. (5-20) and (5-21), 


Q = dath (522) 


This arguueut can be generalized t0 any number of subsystems and energy levels. 
For the case of a molecular system in a given electronic state, the factorization into. 
translational, vibrational, and rotational contributions gives 


O = 2 (5-23) 
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‘Thuy fir we lave specified the energy level relative to some arbitrary zero level. 
Iris common, however, to represent energies as the difference between the ith level 
and the zeroth level for the molecules. We can write е, = (е; — в) + to, thus 
obtaining cxp{—e,) = expi — e^expl —(®, — so]. T'herelore, the quantity exp(—eq) 
can be factored out of each tenn in the pertition function, giving 








Q = еч уе ч чиш m ену (5-24) 


Q and Q' are both parition functions, but they are referred to different energy 
levels. 

The partition functions фу, Фаь, and фы for use in Eq. (5-23) can be evaluated 
by quantum mechanical arguments. We will subsequently require 4,4, which is 
given by Eq. (5-25), where v is the vibrational frequency. 





1 


Qvi (5-25) 





‘The translational partition function is 


a 
qu = (m v (5-20) 


where V is the system volume. We will not require 4. 
Statistival mechanics, via the partition function, provides a route to the calculation 
of equilibrium constants. Take as an example this reversible reaction: 








AFBZZ 
The equilibrium constant is écfincd (on a couccuuatiuu basis) 


пуу 





Саев Pa 


Where n, пв, nz are numbers of molecules contained in volume V. These numbers 
сап be expressed in terms of partition functions hy making use of relationships 
already presented: 


па = ме” Oz (5-2a) 
a ma е0" Oy (5-28) 
a = hae BT Oy (5-2%) 


where Oz. On. Qa is cach referenced to its zeroth energy level. Combining Eqs. 
(5-27) and (5-28) 
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where Аве = ef — ef — eB. From Eq. (5-26) for the translational partition func- 
tion we factor out V from cach partition function, obtaining 


eee (5-30) 





where we understand that Qz, Од, Qe are to be evaluated without inclusion of the 
volume." n 192 

Now, the condition for equilibrium is dp. = 0, or, for this reaction, рл + pe 
= ну Вешше p = KT In A, we obtain, at equilibrium, АлАн = Az. This condi- 
tion applied to Eq. (5-30) gives 





[DM 
5-31) 
Q0. * £ 





and Eq 





lis more common to express chemical quantities on a molar basis, 
(5-31) becomes 


Qa „ут 5. 
etl 532 
57 pus e 


The Rare Equation 
This derivation will be based on a bimolecular reaction, Scheme I. 
A*TBONOZ 
Scheme 1 

Here Z represents the reaction products. MF is the transition state; the double dagger 
symbol will always signify a quantity or structure relating to the transition state. 
Scheme I incorporates the equilibrium assumption by writing the conversion of the 
ial мшш: into the transition statc as an equilibrium. This assumption then allows 


Us to apply statistical mechanics to the rate problem; making use of Ед. (5-32), we 
have 





TELE : 
K 0.0. е (5-33) 





‘Ihe critical portion of the progress of the chemically reacting system over the 
potential energy surface is in the transition state repion. The transition state is 
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regarded as а normal molecule in almost all aspects, but it is very special with 
respect to motion along the reaction coordinztc, for this motion transforms it into 
‘This special motion is considered to be a bond vibration, which in the 

sition state becomes an extremely “loosc” (i.c. low-frequency) vibration. We 
will factor this vibrational mode out of the vibrational partition function and take 
the limit as the frequency goes to zero. thus 





1 и 
а олту л 





($34) 





where the approximation &^ = 1 + x has been used. Now Qu is written 


Ou = oF (3) (535) 


Q" is the partition function of thc transition state with this special vibrational mode 
factored out. 


We can combine Eqs. (5-33) and (5-35) and the definition of КЇЗ to obtain 








qm Qm. P 


Eu yer - 
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where c* is me concentration of transion stale species. Lis equation as rearranged 
to 


eaea L. 
~E h ОО 








pE 6370 


However, onc of the postulates of transition state theory is that the rate of reaction 
is equal to the product of the transition state species concentration and the frequency 
of their conversion to products, so the theoretical rute equation is 


kT Qh 





v= cae fort 

сес ый 45-38) 
The experimental rate equation is 

>= deem (5-39) 


where & is the second-order rate constant. Comparing Eqs. (5-38) and (5-39) 


ЖЕЛШ. чы 
h Q4On. 





(5-40) 


Equation (5 40) gives the transition state theorctical result for the tatc vonstant. 
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Equations (5-38) and (5-40) can also be derived by making use uf the translational 
partition function." * 

The quantity ЕА is г fundamental term in transition state theory. The ratio kih 
has the value 2.0836 х 10° K 's', and кА = 6.213 х 10^ s * at 25°C 

For gas-phase resections, Eq. (5-40) offers a route to the calculation of rate 
constants fiom nonkinetic data (such as spectroscopic measurements). There is 
evidence, from such calculations, that in some reactions not every transition state 
species proceeds on to product, some fraction of transition state molecules may 
теит to the initial state. In such а case the calculated rate will be greater than the 
observed rate, and it is customary to insert a correction factor к, called the mans- 
mission coefficient, in the expression. We will not make use of the transmission 
cocfficient. 

If the transition state theory is applied to the reaction of two hard spheres, the 
result is identical with that of simple collision theory." "7 Because transition 
stats theory is an equilibrium theory, it can be inferred that callisinn thenry is alan 
ап equilibrium theory. 

The preexponential factor of the Arrhenius equation is approximately given by 


„моо 
A ugs 








(51) 


Тїш, A в apparently temperature dependent, but not highly so, because the partition 
functions are not very sensitive functions of temperature. 


Thermocynemic Interpretation 


Let us compare Eqs. (5-33) and (5-40), and define a new equilibrium constant K* 
by Eq. (5-42). 





к n (542) 


00, 


К? is a special kind of equilibrium constant because it lacks the partition function 
contribution for the vibrational motion leading to products. With Eqs. (5-20) «nd 
(5-42) we сип express transition state theory in its most succinct form: 


k= “к (5-43) 


Equation (5-43) has the practical advantage over Eq. (5-40) that the partition func- 
tions in (3-4) are difficult or impossible tv evaluate, whereas the presence of the 
‘equilibrium constant in (5-43) permits us to introduce the well-developed ideas of 
thermodynamics into the kinetic problem. We define the quantities AG*, AH?, and 
AS" as, respectively, the standard free energy of activation, enthalpy of activation, 
and entropy of activation: from thermodynamics we now can write 
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AG*— ering? 05-44) 
AG* = AH! — TAS (5-45) 
dink’ Е 





VT) 6-46) 





‘These quantities (which are standard molar quantities) describe the process 
initial state = transition state 


The numerical values of AG! and AS? depend upon the choice of standard states; 
in solution kinetics the molar concentration scale is usuzlly used. Notice (Eq. 5- 
45) that in transition statc theory the temperature dependence of the rate constant 
is accounted for principally hy the iernperamre dependence of an equilibrium con 
stant. 


By combining Eqs. (5-43)-(5.45) wc can express the rate constant in these 
alternative forme: 








The evaluation of the activation parameters AG*, AH, and AS proceeds us 
follows. From the Arrhenius equation, Eq. (5-1), we have 


dink _ 
аит) 





E, 
n (5-49) 
Equation (5-43) gives 


In K* = Ink + In(1/D) + СА 


which leads to 


dink’ _ dink pdin 
AT) (WT) — dum 














‘Therefore, 





= ЕТ (5-50) 


[This argument neglects the volume change in the process, which makes а negligible 
‘contribution in solution reactions," ® 55] Because E, is found from an Arrhenius 
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plot, ДА? is accessible with Eq. (5-20). ‘The value of 7 used in this calculatiun vau 
be in the middle of the experimental temperature range; this is not a critical тапег 
because the experimental uncertainty in Е, is typically of the order КТ (which is 
0.6 kcal mol * at room temperature) 

"The entropy of activation is obtained via Eq. (5-48): 





АЎ = AHT — RATE) — R intksh) (5-51) 


where k is the rate constant at temperature T. Finally AG* can be calculated with 
Fq. (5-45), or it can be found by means of Eq. (5-47). 

In Eq. (5-50) wc see that F, is related to АН“, By combining Eqs. (5-1) and (5- 
48) we find that A is related to AS* by Eq. (5-52). 


AS =R nA — К ШКТ) — R (5-52) 





‘The formulation of transition state theory has been in terms of reactant and 
transition statc concentrations; let us now define an equilibrium constant Кү in terms 
of activitics. 


KR (5-53) 





Then with Eq. (5-43) we pet 





к= ЫЗ (5-54) 
a 


where ka = (KT); therefore, ky is the value of the rate constant in the reference 
state of unit activity coefficients. Equation (5-54) provides an interpretation of the 
monidea] bchavior of rates. The activity coefficient y! applies to the transition state 
species, and it has the usual properties of an activity coefficient. It is unusual, 
however, in that it applies to a specific reaction; unlike iy coefficients 
in equilibrium systems, it cannot be mezsured in one reaction and applied to an- 
ether." "9 y cannot be determined by most of the usual physical methods, though 
it cau Ue estimated with Eq. (5-54) if ya and үз are known. Analogy with stable 
compounds of closely related structure may also provide estimates of y*."^ The 
dependence of transition state activity coefficients on solution acidity has been 
measured for acid-catalyzed reactions. 








5.3 CHEMICAL INTERPRETATIONS OF THE TRANSITION STATE 


Reaction Coordinete Diagrams 


Thus far we have drawn reaction coordinate diagrans with potential energy as the 
ordinate. However, the free energy is a much more accessible quantity (actually 
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differences in frec аку, of Course), 80 We will now construct these diagrams 
using the free energy of the system. The free energy of activation, AC*, is related 


to the rate constant by Eq. (5-47) and the standard fr 
j гес energy cha 
Ux equilibrium constant by the thermodynanuc result oe wee 


AG? = —RT n K (5-55). 


With these relationships and the appropriate experimental data we can plot reaction 
coordinate diagrams that are qumtitatively useful in displaying the free energy 
ФПегелсев berwezn states. Figure 5-9 is an example, the data being drawn from 
Table 4-3, System 2. For this reversible reaction, 


à 
А+В 22 


ка 





the kinetic results аге Ay = 1.7 x 10 M s! andk = 26 X 1025", or K = 
ЫЕ, = 6.5 х 102 M '. With Eq. (547) we calculate AG; — € 61 kcal mol 
and Абу = 13.61 kcal mol"; Eq. (5-55) gives - 3.69 kcal mol (which is 
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evidently the difference between AG; and AG |). Abese quantities are plotted in 
Fig. 5-9, where the zero of free energy is arbitrurily assigned to the initial state. 

Several features of this treatment are notable. First, the calculations treat only 
the vertical axis, and this only at the defined states (uutial, transition, final in this 
example of an clementary reaction). The curve drawn through thes: three points 
has a shape suggested by the potential cnergy surfaces of Section 5.1, but it has 
no quantitative significance except at the three defined states. This is a consequence 
‘of the thermodynamic impossibility of being able to specify the reaction path (ie. 
mechimism) from knowledge only of the initial and final states of a system. Thus, 
the equilibrium constant K yields АС, but allows an infinite number of paths 
between the initial and final states. By stepping outside of thermodynamics and 
introducing kinetic theory we are enabled ta mvent this limitation and thus to 
learn something about another point (the transition staic) on the reaction path. 
However, in formulating transition state theory we postulated an equilibrium be- 
wern Шс initial аши! transition states, ant! in doing this we rostricied ourselves from 
knowing what happens between these two states. 

А second point is thet we, as yet, have no quantitative basis for the placement 
of the transition state long the horizontal axis. Figure 3-9 sbuws the transition 
state located slightly closer to the initial state than to the fina] state, in accordance 
with the argument of Section 5.1, "Potential Energy Surfaces.” ‘This problem is 
dealt with later in the present section. 

The potential cnergy is а mechenical concept and is applicable to un individual 
particle. The free energy is a thermodynamic concept and is applicable to large 
numbers of particles. The free energy has the disadvantages that it is a composite 
quantity (AG = АН - TAS) and that it is temperature dependent. (At the absolut 
zero the potential znd free: energies would be equal.) In general the location of the 
maximum along the reaction coordinate will be different for the potential energy 
and the free energy" PP "9 because of the entropic contribution. In making these 
free спсгру reaction coordinate diagrams it is important to remember that ДС? is 
rot the activation energy for the reaction; combining Eqs. (5-45) and 
(5-50) gives AG! = E, — T(R + AS). One could (with sufficient experimental 
effort) construct separa reacüun Loordinate diagrams for AH! und А}. Notice 
that the magnitudes of AG? and AS* depend upon the standard state (ic., the 
concentration scale used to express the rate constants). This is especially important 
if the sign of ASF is to be used as а mechanistic criterion. 

Lat us now sketch the reaction coordinate diagram for the complex reaction of 
Scheme Ш, where R represents the reactant state, Р the products, and I an inter- 
mediate 
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Figure 5-10 shows this diagram. As sketched, the final state is more stable than 
the initial state. The new feature of Fig. 5-10 is the presence of the intermediate 
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Reaction coordinate 


Figure 610. Hypottetival Five rry тонаб swordinuce diagram for Scheme Ш (TE — tranci 
sae) 





on the reaction path. This intermediate is unstable with respect to reactants and 
products, but it is represented by a local energy minimum, which differentiates it 
from а transition state, which occurs at an energy maximum. This reaction scheme 
therefore possesses two transition states, one for each elementary reaction. From 
the lengths of the lines in Fig. 5-10. together with Ед. (5-47), it is seen that 1, > 
ka > ky > ky 

The reader may have become unsettled by the treatment given indiscriminately 
© first-order and second-order rate constante in making there free energy reuction 
Coordinate diagrams, for these rate constants have different units, yet the same 
equation (5-47) was applied to both. Let us begin with the thermodynamic rela- 
tionship, Eq. (5-55), which is commonly written iu this form. Yet for the example. 
to which it is applied (K = 650 М), it is not possible to take the logarithm of a 
unit. We, therefore, create а pure number by algebraic rearrangement, namely, 
K/M * = 650, and thus Eq. (5-55) really should be written (for this case) Д0" = 
—RT In (KIM) 

‘To analyze the rate constant problem we start with Eg. (5-43), k = (AI7h)K+. 
‘he term (477h) has the unit second ', so consistency is achicved if the concentration 
nits of k and К? аге identical, As before, we pass to pure nuribers, writing (for 
a second-order rate constant) 
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LEMS) = (KR UYM ') 
From Eq. (5-44), AG? = —RT In (K*/M-!), so (КУМ!) = exp (—AGYRT), а 
pure number. Taking logarithms of Eq. (5-47), 


~AGURT = In (KM'S) — In (ЁТ!) 


“Therefore Eq. (5-47) is applicable to first-order and to second-order rate constants, 
it being understood that the arithmetic operations are carried oul on pure numbers 
generated as shown. We have not evaded the requirement of dimensional consis- 
tency, which is provided by Eq. (5-43). 

algebraic treatment of units to create pure numbers is also convenient for 
the unambiguous presentation of cata in tables and figures. 





ihe Hate-Determining Step 


Consider the series reaction А—>В—>С. И the first slep is very much slower than 
the second step, the rate of formation of Cis controlled by the rate of the first step, 
which is called the rare-determining step (rds), ot ratc-limiting step, of the reaction 
Similarly, if the second step is the slower one, the rate of production of C is 
controlicd by the second step. The slower of these two steps is the “bottleneck” in 
the overall reaction. This flow analogy, in which the rate constants of the separate 
Stepe are anclogoue to the diameters of meckr in a aurian of fonnelr, in widiy wad 
in illustration of the concept of the гёз. 

Strictly speaking, the flow analogy is valid only for consecutive irreversible 
ication, and it Gan Le misleading if reverse reactions are sipnificant, Even tor 
irreversible reactions the rds concept has meaning only if onc of the reactions is 
much slower than the others. For reversible reactions the free energy reaction 
coordinate diagram 1 a uselul aid. In Fig. 5-10, lor example, the intermediate 1 is 
unstable with respect to R and P, and its formation (the A, step) is the rds of the 
overall reaction 

‘When the overall reaction includes more than two elementary steps, the situation 
may not be casy to analyze. The product of the sth step is the reactant of the 
(a + Dst step, but in order for these two states to be represented by the same free 
energy they must have the same composition; this means that the stoichiometric 
‘composition must be constant throughout the entire series of reactions.'^ Suppose 
that it has been possible to construct the free energy reaction coonlinate Murdach!? 
gives this method for identifying the rds: 


1. Label the reactants R, the products P, the intermediates li, b, . . . in order, 
and the trancition states Ty, Т... in order 

2. Divide the rcaction into sections, the first section beginning with R and ending, 
at the first intermediate (1) more stable than R. The second section begins at 
the cnd of the first section and ends at the next intermediate more stable than 
L. Continue until P is reached. 
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3. Calculate the energy difference between the transition state of highest energy 
їп each section and the initial energy of the section. 

4. The section having the preatest energy difference contains the rds. which is the 
step leading to the transition state of highest energy within thal section. 





Let us apply this method to the hypothetical reaction ескен diagram af Fig. 
5-11, which consists of two sections. The requisite energy differences are for the 
vertical distances (T> — R) and (T, — 1). Because (T; — 1) > (T; — R), the 
second section contains the rds, which must be the 1, — Ty step. Note that Ty 
actually has a lower free energy than do Т, and T»; it is the change in free energy 
trom the valley at the beginning of the section that determines the rate. 

This is an interesting exercise, but we should uut bevon exvessively concerned 
with formal schemes for the identification of the rds. We want to know the rds 
because it is a piece of information about the reaction mechanism. If we have 
aircedy acquired so much Information about the system thal we can construct a 
reaction coordinate артат displaying all intermediates and transition states, we 
probably have no need to specify the rds. As an example of the experimental 
detection of the rds we will describe Jencks” study of the reaction of hydroxylamine 
with acetone. '® The overall reaction is 


о N—OH 
il 1 


CILCCH, + NHOH = CH,CCH, + HN 





Free energy 








Reaction ccordinate 





Figure § ML. Demonstration of the rds Concept, The Ja — Ту мер is the 1b. 
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The reaction is known to be complex, proceeding through tetrahedral intermediate 
called а carbinolamine. Generalizing to the reactions of amines with carbonyls, the 
two-step reaction sequence is 


\ VAN, 
со + BNH, — C = ONR + цо 
£ /SNHR 

Scheme Ш. 


When acelone is treated with hydroxylamine in aqueous solution near neutral 
pH. the carbonyl UV absorption intensity decreases very rapidly; this fast spectral 
change is followed by a much slower absorption increase that is due to the appearance 
of the oxime product. This suggests that, at such pH values, the initial addition is 
very rapid and the second step, dehydration of the carbinolamine, is the rds. Figure. 
5-12 is a plot of the apparent first-order rate constant against pH for this reaction. 
As the pH is decreased from neutrality. the rate increases, indicating that the rds 
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Figure 5-12. pH-rstc profile for the reaction 
ohyloxylamire with acetone in water at 25°C. 
Dashed ine: rate of acid-catalyzed dehydration 
p мгр: SON linc: observed rate- 





216 KENNETH А. CONNORS 


is acid catalyzed. The rate increase produced by this acid catalysis does not continue 
indefinitely, however, because it eventually is exactly compensated by the proton- 
ation of hydroxylamine, whose conjugate acid is unreactive, Thus, the rate of the 
second step reaches (at low pH) a limiting valuc that is independent of pH (the 
dashed line in Fig. 5-12). 

However, as the pkl-rate plot shows, at very low pH the observed rate actually 
derreases Hecause, из the preceding argument shows, rate-determining dehydration 
should result in a pH-dependent rate at low pH, this decreased rate must mean that 
the rds has changed. This is reasonable, for at pH values well below the pK, of 
hydroxylamine, the deorcasing proportion of the hydroxylamine in the unprolomaled 
form will decrease the rate of the initial addition. At some pH, then, the rate of 
the addition step will fell below that of the dehydration step, and the observed rate 
Stuve will lig lower thm iie raus predici for the спудгайоп. 





Composition of the Transition State 


Perhaps the single most important piccc of information to be derived fram a kinetic 
study is the composition of the transition state. The basis of the inference can bc 
developed by means of this elementary bimolecular reaction, 


AFB—MZ 


where М? is the transition state. We define К = сысы, and from transition 
state theory we have v = (KT/h)cis, giving 


‘AT 
Mtheory) = ( кеа 6-56) 


However, for this clementary reaction the experimental rate equation is 
мехр) = keren (5-57) 


We, therefore, conclude that the concentration dependence of the experimental rate 
gives the composition of the transition state; in this cxample the transition state is 
composed of one molecule of A and one of В, for the experimental rate constant 
is first-order in cach reactant, 

Tiis arguriem can he extended ro consecutive reactions having а rale-determining 
Slcp.^ ^ 4% The composition of the transition state of the rds is piven hy the rate 
‘equation. This composition includes reactants prior to the rds, but nothing following 
the rds. Thus, the rate equation may nol correspond to the stoichiometric equation. 
We will consider several examples. In Scheme IV a fast acid-base equilibrium 
precedes the slow rds. 
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=ч 
A + H* АН" 


^nt — x 
slow 


Writing K = can+/cacu+. we have 
ing 


Y = сан» = БКсмн+ (5-58) 


"Thus, the transition state includes one A and onc I1* , but the kinetics says nothing 
about the charge distribution or spetial configuration of these components; this is 
the basis of the problem of kinetic indistinguisbability that we discussed in Section 
3.3. 

Another problem is revealed by Scheme V. 


fu 
A + H+ > Ant 


% 
AH* + НЊО >Z 


- 
Scheme V 


For this scheme we again obtain Eq. (5-58), because the water (solvent) concen- 
essentially constant sind «o is absorbed into the rate constant. Thus. the 
rds is bimolecular, but the rate equation is first-order; the role of the solvent in the 
transition state is not cvident from the rate equation. 

Kinctic evidence in the hydroxide catalyzed helogenation of acetone provides 
definitive mechanistic information. The overall reaction is 





° o 
iL 1 
OH + СН.ССН, + X; — CH,COLX + Х + H0 

‘The rate equation is first-order in acctonc, first-ordcr in hydroxide, but it is inde- 
pendent of (i.c., zero order in) the halogen X4. Moreover, the rate is the same 
whether Xs is chlorine, bromine, or iodine. These results can only mean that the 
transition state of the rds contains the elements of acetone and hydroxide, but not 
vf the bilugen, which must cuter the product in a fast reaction following the rds. 
Scheme VI satisfies these kinetic requirements. 
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E 


CH.COCH, + OH = CH,COCHy + 11,0 


CH,COCH; + X;— CILCOCH:X + X 
Seien YI 


Just as the rate equation gives the transition state composition but not йв structure, 
neither does it tell us the order in which the components were assembled. Thus, 
Schemes VII and МШ both give the seme rate cquation, v = AKiK;cars coer, so 
this equation correctly identifies the rds transition state composition, but it cannot 
distinguish betwecn these reaction schemes (or others that can be drawn). 


fost 
А+ рс 


fast 


стреЕ 


ow 
EL RGZ 


Scheme VII 


fast 


A+FSE 


fet 


E+B=C 
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ChD>Zz 


Scheme УШ 





All of these examples have shown rate equations in which cach reactant appears 
10 the first-order. In Section 2.2 we obtained this rate equation [rom kinetic data: 


v — d[cinnamoylimidazole| [1-botylaminc]* 


We conclude that the rds transition statc includes the elements of one cinnamoyl- 
imidazole and twv Lutykuuine mulecules, but we do not know anything about their 
assembly. However, because a termolecular collision is very improbable, we are 
Justified in supposing that this is a complex reaction, the three molecules having 
been brought together in stepwise fashion. 

When we expand our scope to consider complex reactions with slow reversible 
steps or an rds that is not of the bottleneck type, the interpretation of the rate 
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equation may be less clear-cut. Suppose Scheme IX is applicable, with the steady- 
stale approximation being justifiable. 


n 
A+tB=C 
h 
» 
CEDAR 
Scheme IX 


Tiu we find 





re жүүт 


and the rate equation is 


kikicacecn 
Мы + bee mm 
‘The appearance of cp in the denominator means that D is coupled to а reversible 
step prior to the rds. ' IF ky end ky were co large that the Бий provquilibrium 
assumption is valid, then the ¢p term in the denominator would drop out, and we 
would have » — А„Кслсвсь, giving the composition of the rds transition state. If 
ky is very much larger than kı and Ky, Eq. (3-39) becomes v = Átacps the им 
Siep is now the nìs, and the rate equation gives the transition stale composition. 
Parallel reactions give rate equations having sums of rate terms. Each term 
provides the transition state composition for a reaction path. For example, some 
acid-calalyzed reactions have the rate equation 





v = МН] + НАЈ 


where S is the substrate (reactant) and НА is a weak acid. The А, term describes 
specific acid caialysis, and its transition state composition is given by this term 
The ky term describes general acid catalysis; its transition state includes the weak 
acid molecule, not just the hydrogen ion. These are two separate reactions, pro- 
ceeding concurrently. 

In а special circumstance the rate equation for parallel reactions may be mis- 
leading." 1f two parallel reactions aic vatalyzed by а common catalyst, and if a 
significant fraction of the catalyst is tied vp in the form of intermediates, then the 
two reactions are nct independent, and the rate equation will not give the transition 
state composition. King has analyzed this case in terms of cnzyme-catalyzed re- 
actions.” 

‘There is a kinetic source of information about the transition state in addition to 


220 KENNEN! А CONNORS 


dhe rate eyumion—rhis is AS*, the entropy ol activation. The entropy change for a 
process is a measure of the change in disorder or “looseness”; a decrease in entropy 
reflects a decrease in disorder or motional modes, whereas an entropy increase 
indicates a corresponding crease in disorder (decrease in constraint) of the system. 
Therefore, we might expect 45° for a unimolecular reaction to he spproximately 
zero, because one particle in the initial state is transformed to one particle in the 
transition state. For a bimolecular rezction, two reactant particles ате converted 1o 
a single transition state particle, with a loss of disorder or “freedom,” so AS* should 
be negative. This criterion has been applied to determine the molecularity of re- 
actions, such as solvolyses, in which the rate law provides no information about 
participation of the solvent in (or prior 10) the rds. Schemes IV (unimolecular 
reaction. the А-1 mechanism of acid catalysis) and V (himolecular, A-2 mechanism) 
are examples in which the entropy of activation may be a useful quantity. Schaleger 
and Long?” have reviewed this application of AS*, For many of these reactions 
(whose mechanisme are believed to be knows on the Бш of other information), 
the А-1 reactions give AS! ~ 0 to 10 eu, whereas A-2 reactions give А5? — 15 
to —30 cu. (the entropy unit, or eu, is equal to | cal К! mol !. These AS* values 
are on the molar conccitiation svale.) This criterion is nor definitive, however, 
because it omits consideration of other factors, such as changes in solvation between 
the initial and transition slates, that could affect AS*. Nevertheless, it is usually 
found that bimolecular reactions involving the solvent in the rds have negative 
entropies of activation, and unimolecular reactions not involving the solvent have 
positive or very small negative values of the entropy of activation. 2 

‘The standard statc chosen for the calculation of AS* controls its magnitude and 
even its sign. The standard state is established when the concentration scale is 
sclected. Гог most solution kinetic work the molar concentration scale is used. so 
А5 values reported by different workers are usually comparable. Nevertheless, an 
important chemical question is implicd: Because the sign of AS* may depend upon 
the concentration scale used for the evalnatien of the rate constant, which concen- 
tration scale should be uscd when AS* is to serve as a mechanistic criterion? The 
same question appears in studies of equilibris. The answer (if there is a single 
answer) is not known, though come analyses of the problem have been made. "7^ 
Further discussion of this issue is given in Section 6.1. 





























Position and Height cf the Energy Barrier 





И, fur an elementary reaction, we know the location of the transition state along 
the reaction coordinate and also the height of the energy barrier (relative to the 
energies of thc initial and final states), then we know a great deal about the mech- 
anism ol the reaction. Much theoretical attention has, therefore, been directed to. 
establishing the factors thut control these measures and to the possibility that Шку 
may be related. In 1955 Hammond" made the proposal that if two states occurring 
consecutively on a reaction coordinate have very similar energies, their intercon 
version vill require only small changes in their structures, This Hammond postulate 
is usually applied in this extended form: The transition state of an elementary reaction 
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Fiere 33 Demonctration af he Ham- 


Reaction coordinate mead postulate with hermoric petential velis. 


lies closer om the reuction coordinate to that state (initial or final) having the higher 
exergy. The chemical basis of thc Hammond postulate is that if two species (related 
by chemical transformation) have similar energies, they probably have similar 
structures. "This postulate is restricted to adiabatic pathways (scc Section 5.1, “Po- 
tential Energy Surfaces”), for which it is reasonable to expect structures along the 
reaction path to bc describable as combinations of the initial and final state structures. 
Hammond also restricted the postulate to potential energy functions, which do not 
include entropic contributions. but it is commonly applied to lee energies. 

The Hammond postulate is a valuable criterion of mechanism, because it allows 
а reasonable transition stale structure to be drawn on the basis of knowledge of the 
reactante and products and of energy differences between the states @.е.. Аб? and 
AG®), Throughout this chapter we have located transition states in accordance with 
the Hammond postulate. 

Sevcial qualitative demonstrations of the Hammond postulate have been given. 
In Section 5.1 we used s geological analogy tothe potential energy surface to reach 
the каше conclusion as the Hammond postulate. Another viewpoint is shown in 
Fig. 2-13, which represents the potential energy surfaces in the viiuities of the 
reactant and product as parabolic wells describing harmonic oscillators. The tran- 
sition state occurs at the intersection of the two potential functions. Consider, in 
Fig. 5-13, the intersection of the reactant parabola wilh product parabola 1; in this 
tase Тү lies closer to P than to R, because the product has higher energy thun the 
reactant. This is in accord with the postulate. Now suppose the product is desta- 
bilized relative to reactant (product parabola 2). Then Т; moves even closer to Р. 
‘Thornton showed that the айфон of a linca: perturbation to а parabolic potcntiul 
shifts the position of the cxtremum in the direction expected from the Hammond 
postulate, Figs. 5-14A and В show this concept. [Kurz? has shown that tw 
tersecting parabolic wells are equivalent 10 parabolic barrier; sec Fig. 3-14C.] 
Agmon?! abstracts the reaction progress curve as the straight lines shown in Fig. 
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5-15, drawing an analogy from optics to trace the path from R rn T w P. ‘The 
proposition is mace that the path of least time is followed, which results in a 
trajectory such thal reflection from the line AB occurs with the angle of incidence 
equal to the angle of reflection, as shown in Fig. 5-15. "Inus the transition state 
lies closer to the state of higher chergy. This optical analogy introduces a symmetry 
condition. 

"Thus, we see that if the reaction is exergonic (reactant having higher energy than 
product), the transition state is early or reactantlike, whereas if the reaction is 
endergonic (product having higher energy than reactant), the transition state is late 
or producilike. If the reaction is isergonic (reactant and product of equal energy), 
we expect the transition state to be equidistant between the initial and final states 
оп the reaction coordinate. 

Ii would be desirable to achieve 2 quantitative version of the Hammond postulate, 
For this purposc we need a measure of progress slong the reaction coordinate, 
Several нийниу have ued tie bond order for this measure 11-31 The chemical 
significance of bond order is that ir is the number of covalent bonds herween two 
atoms; thus the bond orders of the C—C, C=C, C=C bonds are 1, 2, and 3, 
respectively. For the displacement reaction 
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Figure 6.18. Representation of a reaction соопййпат: diagram by straight ln: trajectories determined 
by the condition of minium time or distance. The reaction eoordinaiz is specified as th: bond order 
‘ofa bon formed in the reaction 
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{ie bund order пл of the A—H bond changes from 0 (in the initial state) to 1 (in 
the final state), whereas the order ic of the B—C bond changes from 1 to 0. The 
relative ease with which reactions of this type take place (i.c., the reason AG! is 
much smaller than bond dissociation energics) is because the energy of breaking 
the B—C bond is furnished in part by the concurrent formation of the A—B bond. 
This suggests a conservation of bond order property, such that nas + rian = 1 
The bond order zt; is thus a reasonable measure of the reaction coordinate, its 
vali: in the transition state, rr, serving to lecate the transition state quantitatively 
along the reaction coordinate, and describing the extent to which A—B bond 
formation hes proceeded in the transition stale 

The simplest argument is that of Agmon" based on Fig. 5-15. Because of the 
reflection symmetry at point ‘I, the triungles ATR and BTP are similur, so wc can 
write AT/AK. = TB/PB, cr, if we express the ordinate in frec energies, 
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AG! AG! — AG? 


which rearranges to 
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(AGAGA 





(5-60) 





According w thio very simple derivation and result, the position of the transition 

state along the reaction coordinate is determined solely by AG? (a thermodynamic 
quantity) and ДС? (a kinctic quantity). Of course, the potential energy profile of 
Fig. 5-15, upon which Ey. (5-60) is based, is very unrealistic, but, quite remarkably, 
itis found that the precise nature of the profile is not important to the result provided 
certain criteria are met, and Miller” obtained Eq. (5-60) using an arc length min- 
imization criterion. Mundoch** has analyzed Eq. (5-60) in detail. Equation (5-60) 
can be considered a quantitative formulation of the Hammond postulate. ‘The tran- 
sition state in Fig. 5-9 was located with the aid of Eq. (5-60). 

We will explore further the idea that there may be a relationship between rates 
amd equilibria. Although such a relationship is not required by thermodynamics, 
neither is it forbidden, and much empirical evidence supports thc frequent «хш си 
of such relationships. Chapter 7 is devoted to this topic; here we restrict attention 
1o correlations of AG! (or log £) with AG? (or log K) of the same reaction. Such 
correlations are usually sought within a reuctivri series in which a sct of reactants 
having a common reaction site bul different substituent sites are subjected to the 
same reaction, 

We consider the effect of the structural change on the free energy of the transition 
state. Leffler’®” postulated that changes: in G? сап be represented as ш lincar 
combination of changes in the free cnergies of reactants und products, 





8G = або + 0560 
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where а und ае constants whose values are fixed by the Further Condition thet, 
although G is greater than either Gr ot Gy, changes in GF will be interme m in 
magnitude to the corresponding changes in Gp or Gp. Thus, a + b = 1, and wc 
write 


AG! = nG + (1 — dC (5-61) 


where 0 < с <= 1. (This condition means that we adopt the adiabatic assumption.) 
Passing to differeutial symbolism and defining AG! = Gt — Ok and AG? = 
G? — GR. Eq. (5-61) becomes 


амі" = аш? (5-62) 


where we have used the commutation property AdG = dAG. Equation (5-62) is а 
correlation between rates and equilibria within a reaction series. The quantity e. is 
the slope of the plot of АС? against AG®, ос is often called а Brpusted coefficient, 
bur this term ix more commonly applied to a different (though related) quannity that 
arises in studies of general acid-base catalysis (Chapter 7). И may be useful to 
think of c as а sensitiviry coefficient, because it expresses the sensitivity of response 
of AG! to changes in АС. Another interpretation of e. is that it is u measure of 
the extent to which the transition state resembles the product; thus. it is an alternative. 
tom, the bord order of the transition state, as a measure of location of the transition 
sene оп dx: сайи vovidiaate 5 
We will follow Murdoch's development.” Figure 5-16 shows schematic reaction 
coordinate diagrams for а reaction series of varying product stability. It is evident 
that @ at the transition state varies with AD" for the reaction. We will assume a 


linear relationship, 


o = тАб° (b (5-63) 


Clearly when AG? = 0 (isergonic reaction), « — 1. so b = Ё. Figure 5-16 shows 
that as G, increases, AG increases, until the transition state becomes so productiike 
that @ = 1; further increases in AG? lead to no further increase in ДО", so when 
а = 1, we can writ AG^ — АО ш, — Абдыш. (When a = 0, АС = Аб). 
Substituting into Eq. (5-63) we find т = PAGO... ‘Thus, Eq. (5-63) becomes 








p 
a E +1 (5-64) 
We substitute (5-64) into (5-62) and integrate over the limits shown. 
pzm aga / АСС 1 , 
= H 5-65 
d, 40 1 (6+) а (5-65) 
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Figure F6. байкаш saciu coordinate diagrams et a rcacuor series, show 
ims ot arca showing AGE, the i 
barrier, and AGL, the mavimum standard frc energy difference. aaa 


That is, AG} = АС? when AG? = 0 (see Fig. 5-16); moreover АСИ, = AGS, 
хо we obtain = Е 
AGE = АСО, 44 6-66) 
AG} is called the intrinsic barrier Tor the reaction series. (Strictly i 
lled t i. (Strictly speaking, we 
should write AG) = [АСО [/4, because AC? can be negative.) А 
We now use Eq. (5-66) in (5-621 to get 


AG 1 
ч алов 2 Gen 


This is substituted into Eg. (5-62) and integrated: 


act o а 
© Е AG т 
Fir o Er a 3) ang: 6-68) 





THEORY OF CHEMICAL RINETICS 227 
AG? _ (AG) 
ас ма + 26° 40) Y 
Dd Aa dae TEM 
or 
АГ? ү 
AG = AG ( + АС) 


Equation (5-69) is an important result. It was fust vbtziued by Marcus 4 in the 
context of electron-transfer reactions. Marcus’ derivation is completely different 
from the onc given here? ^ In electron transfer from one molecule (or ion) 10 
another, no bonds are broken or formed, so the transition stale theory does not 
seem to be applicable, Marcus assumed negligible orbital overlap in the electron- 
transfer transition state, but he Inter obtained the sume equation for group transfer. 
reactions requiring significant overlap." Many applications have been made to 
proton transfers and nucleophilic displacements. 4e 

Equstion (5-69) describes rate equilibrium relationships in terms of a single 
parameter, the intrinsic barrier AGE, which therefore assumes great importance іп 
interpretations of such data. It is usually assumed that AG} is essentially constant 
within the reaction series: then it com he estimated from a plot of AG? vs. AG? as 
the value of AG* when AG? = 0. Another method is to бї the data to a quadratic 
in AG and to find AG} from the coefficient of the quadratic term.** 

Figure 5-17 is a plot of Eq. (5 69) for u hypothetical nyntem having AGE — 20 
units. Over a wit range in ДС the curvature is easily perceived, although it may 
not be evident if a small range is covered by a ser of experimental data. Equation 
(5-67) gives the slope e as a function of AG, a = 3 when AG" — 0, u > В for 
positive values of AG", and a < 3 for negative values of AG. Figure 5-18 is a 
ratc-cquiliorium plot for the isomerization of L-substituted 5-aminotrizules. * 





R 
І 
vn / 


NH; > 
N n м 
Cre X, 


From the intercept at AG? = 0 we find AG; = 31.9 kcal mol'', and the slope 
is 0.77. As we have seen, if Eq. (5-69) is applicable, the slope should be 0.5 when 
AG? = 0. In this exemple either the data cover too small a range to allow a valid 
estimate of the slope to be made or the equation docs not apply to this system. 
‘Such a simple equation is not expected to be universally applicable. Recall that it 
‘was derived for an elementary reaction, so multistep reactions, even if showing 
simple rme-equilibrium behavior, introduce cowplications in the intei retetivii. The 
simple interpretation of Eq. (5-69) also requires that AG bc constant within the 
reaction series, but this condition may not be met.” Later pages describe another 
possible reason for the failure of Eq. (5-69). 

Ir is interesting to note that o (Fq. 5-67) and ny (Ед 5-60) are different mesures 
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Figure SIT. Кав собне relaionship ccording to Eq. (5-69) for а Бурава system with 
AGE = 20. 
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ofthe location of the transition state on the reaction coordinate. If Eq. (5-69) applies 
10 the system, и = пу at AG? = 0, а > ny at AG? < O, and a < nr at AG" > 
0. If Eq. (5-69) is not applicable. these relationships are not valid. For the reaction 
series in Fig. 5-18, а = 0.77 (from the slope of the line), whereas ny = 049 
(fiom Eq. 5-60 applied to cach of the reactants). Thus, caution is necessary in 
енор meckanietie remclucians fmm these parameters 

If the intrinsic barrier AG$ could be independently estimated, the Marcus equation 
(5-69) provides a route 10 the calculation of rete constants. An additivity property 
fun frequently been invoked for this purpose. 99464950 Bor the crass reaction 





А +ВС:=АВ+С (5-107 
we define two identity reactions. 


А + BAI ABA о-и) 
C+BC=CB+C (5-72) 


Reactions (5-70), (5-71). and (5-72) have intrinsic barriers AG}, Аб. and 
Аб, respectively. Then AG) is estimated with Eq. (5. 





AC = (AGha + АОсу? (5-73) 


Fer the identity reactions, the intrinsic barriers are their free energies of activation, 
which can be determined by tracer studies"! or less directly by rate-equilibrium 
correlations. 5^ 

‘There are several equations other than the Marcus equation that describe rate— 


‘equilibrium relationships. Murdoch? writes all of these equations in the general 
form 


AG! = AGI — g2) + 3 AG" (1 +) (5-14) 


where g, and jg; are functions of AG". For example, if p, = ACMU4AG# and ga — 
12, Eq. (5-74) becomes Eq. (5-69). 

Values of the slope, a, of a plot of ДС? vs. AG? obviously must lie in the range 
of 0-1 if the interpretation of e as the fractional resemblance of the transition state 
10 the product is to be valid. Some examples of a values lying outside this range 
have been observed 7^5? Thus, Bordwell ct al.” found œ = 1.31 for this reaction: 





ArCHMeNO, + I0 = (ArCMeNO.) + H:O 


Several explanations have been given tor this result. "^*^ One possibility 15 the 
failure of the adiabatic assumption; in this ionization process a transition state is 
generated that may not be a combination of the initial and final states, but may 
include mixing in of an cxcited state structure. This idea will reappear in the 
following pages. 
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Concerted and Stepwise Reactions 





As а qualitative concept. the reaction coordinate eun represent any number of 
Progress variables, bat if we wish to anach quantitative significance to the reaction 
coordinate, as we did in the preceding pages when we attempted to define the 
location of the rrancition state. a single variable must suffice to define the progress 
of the reacting system. his might be a bond distance, a bond order, or the sensitivity 
coefficient a. However, when more than one process is involved in the development 
of the transition statc, we necd more than onc progress variable to specify the extent 
to which each process has occurred. The types ef processes that may take place 
concurrently, but not necessarily synchronously, are bond formation and bond 
breaking, solvation and desolvation, proton transfer, and charge delocalization. 

A great many reactions in solution can profitably he treated by an extension of 
the ecrlier ideas to include more than one progress variable. We will introduce the 
dea will the general reaction 


Y +G-X>Y-G+X 


where the group G represents a central structure that remains essentially unchanged, 
Y- is the attacking group. and X- is the leaving group. If the reaction proceeds 
with concurrent formation vf the Y G bond and cleaving of the G-X bond such 
that the sum of the bond orders is unity, then a single progress variable suffices 10 
deseribe the resting sytem. However, there are other ways thie reaction could 
take place: Thus G-X might ionize to give G* + X^, followed by combination 
of G* with Y~; ог Y- might attack to yield (Y-G-XY, from which X- then dis- 
sociutes to give the products. The species G* and (Y-G-X) auc inter urcdiattes (or. 
hypothetical intermediates), and reactions via these routes are stepwise reactions. 
The clementary reaction is a concerted reaction. Let us use this symbolism: 








R Reuctunt (initial state) 
P — Product (final state) 
I' Cationic intermediate 
T Ашопіс intermediate 


In the pure concerted reaction there is no need 10 invoke the cationic or anionic 
intermediates in describing the transition state, but il now becomes evident that 
some deviation from this idealized route may be possible, and then we need a way 
to comment upon and to measure theextent io which the cationic or anionic character 
15 “mixed in” in the transition state. This is now widely accomplished with the aid 
of energy surfuces of the type shown schematically in Tig. 5-19. Depending on the 
nature of the surface, the reaction path may follow a route far from the diagonal 
representing the pure concerted reaction, and the primary goal is to identify the 
location of the transition state ou this surface. 
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Figure 5-19. Two-dimensional energy surface for generalized reaction R — P showing the cationic 
41") and urionie (F possible intercediate The duched line 5 the reustion path for the pure concerted 
reaction. 


Energy surfaces of this type appear 10 have been described first by Hughes et 
al. in 1936. Their current popularity and utility are a consequence of developments 
by Albery,"" More O'Ferrall,* and Jencks, and they are sometimes called More 
O'Ferrall plots or More O'Ferrall-Jencks plots. We will refer to them as RIP 
diagrams, this designation arising from the symbolism in Fig 5-10. 

To make this more specific, Table 5-3 gives examples of several reaction types 
that fit the RIP pattern. Consider nucleophilic substitution on saturated carbon. The 
concerted mechanism is the one step bimolecular Spy? process 





H H 


Y + ROUX [Y° C IX) o YCILR + X 
| 


к 


A stepwise mechanism is also possible; this is the two-step unimolecular Syl 
reaction: 





sow 
RCX = RC +X 


ө 
RaC* + Y — RACY 
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Tase 5-3. Examples uf the Coneeriod Stepwise Reaction Description 











Reaction type State deseription* 
R n n P 
Nickoplilic diphic Y RX RX YE Y-RX 
substitution 
P-Eliminstion” DIL-A—R—X BH-R-R'X BHR- R-X BH'R=RX 
Acyl transfer Y ROK Y RCO' X- — КОООХҮ ROOY X- 
Blectrophilie somatie ҮЗ АР K (V AQ! УАК Ar x! 
substitution 
Nucleophilic aromatic Y АХ Y AX AX) tar 
substitution 





"The: underlined configuration is the more pmhable intermediate (more stable intermediate) in most 
systems. 
ID represents a bascs 


In this example the Sy mechanism is the I* route of Fig. 5-19. The I route is 
clearly much less favored (the I state is of higher energy) than the 1! route for 
this reaction type. 

Now let us consider the possible rate changes that may occur in a reaction series 
in which we change the relative stabilitics of states by making structural changes. 
Suppose the energy surface is constricted of a flexible material sx п mexlel with 
which energy changes can be made to the surface. Let the product state P be made 
more stable relative to R. This can be modeled by pulling down the P comer of 
the surface. The lowering of the energy surface ut P will he transmitted in nticnuatcd. 
form across the surface, and the result is that the location of the transition state 
(marked with а double dagger in Fig. 5-19) will be shifted toward the reactants R. 
This behavior i» iu accord wilh the Hananond postulate. This energetic stress on 
the system is called a parallel displacement because it is exerted parallel to the 
reaction path. 

In contrast, suppose we now make a substituent change that stabilizes intermediate 
I* relative to the reactant state. This is modeled by pulling down the I* corner of 
the surface. The result is to distort the surface such that the transition state moves 
closer to 1". This is called anu-Hammond behavior, and the stress that it produces 
it is a perpendicular displacement.”? Thus, both these parallel and perpendicular 
displacements of the energy surface lower the energy of the transition state, but 
parallel displacements lead to Hammond behavior and perpendicular displacements 
to anti-Harmmond behavior. [Kurz has shown that in special cases a parallel 
displacement can lead to anti-Hammond behavior ] An example of a perpendicular 
displacement is the successive replacement of hydrogen by methyl in the series 
CHAU, СОНЫНА, (CH,),CHCI, (CH;);CCl in anucleophilic substitution reaction. 
Inereasing methyl substitution at the reaction site stabilizes the incipient carboention 
(carbonium ion) intermediate, T* , with the result that the location of tbe transition 
state shifts from the pure concerted reaction path toward the I^ corner, und with 
the fully substituted substrate the reaction beconics stepwise. 





THEORY OF CHEMICAL KINETICS 233 


An alternative description of these energetic effects has been given by Pross and 
Shaik 61 Again the Sy reaction is used as an example. A valence bond (VE) 
description is developed by writing linear combinations of a basis set of configu- 
rations. These constitute 2 reasonable set of configurations (compare with Table 
sax 








Rex (К. reactantlike) 
Y-R x (Р, productlikey 
Aa R xX (1* , carbocationlike) 


Y^ ROX (Г, carbanionlike) 





The initial state is dominated by configuration R, and the final state by P, though 
each state includes contributions from all configurations. Ап Sy2 reaction can be 
represented ac in Fig. 5-20). The R configuration naturally rises in energy heranse 
it is energetically unfavorable to maintuin the initial state configuration while pro- 
pressing along the reaction coordinate, Likewise the P configuration decreases in 
SIRIEY ad il apprvachies the final state. At the point where these configurations 
meet, an avoided crossing takes place so that the reacting system follows the path 
of least energy. Now, suppose the P state were to be stabilized relative to R by а 





Reoction coordinate 





Figure 5-20. Reaction coordinete digyram generated rom a valence bond description of шава! and 
(Ona) ме confipurations 
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structural change. This would lower the Р energy profile in Fig. 5-20. resulting in 
an earlier transition state; this is Hammond behavior. 

‘This valence bond description leads to an interesting conclusion.*? Because the 
transition state occurs at the point where the initial and final state VB configurations 
cross, the transition state reecives cqual contributions from each. This is so whether 
the transition state: is early or late. Thus, the ancleophile У and the leaving group 
X possess about equal charge densities in the transition state. This conclusion means 
that an early transition state is not (in this sense) “resctantlike”, for a reactantlike 
transition state should have most of the charge on Y. Similarly, п Inte transition 
state is not necessarily producilike. This view is at variance with other interpre- 
tations. 

Continuing to develop this VB epprvacit, suppose uow dat tts carbocationlike 
configuration is not an important contributor to the initial or final states, but that 
itis significant for the midregion of the rezction coordinate. Figure 5-21 shows the 
concept, Now the transition state is а combination or К, P, and 1", whereas the 
initial and final states are not significantly influenced by I+. This is equivalent to 
a perpendicular displacement as described earlier, and it also is a possible expla- 
nation of anomalous œ valucs, as noted in preceding pages,“ 

We will return to our consideration of RIP disgrams. Figure 5-22 summarizes 
the possible reaction paths. Recall that an intermediate is а state of minimum energy 
on the reaction path, so that all four comers may constitute energy minima, but for 
any given type of reaction it is unlikely that both 1° and I will be of comparable 
stability. As Table 5-3 indicates. one of these is apt to he the favored intermedio, 








Energy 








Reachon coordinate 


Figure $21. Energy profiles of R, P, and 1. configurations showing how 1° can mix in to the 
transition atate while not contributing sgmilicuntly to the initial and final stares. 
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Figure 22. Generalized RIP diagram. 


if indeed an intermediate exists. The experimental observation of an intermediate 
or the demamstrstinn of a two-step reaction is obviously very valuable information. 
It is possible, however, for concerted and stepwise reactions to сосків 

The essential goal is to locate the transition state on the RIP diagram. This 
involves specifying (wo coordinates, so two quantitative progress variables are 
required. One approach, fairly widely applied, can be illustrated with the study by 
Hill ct al.® of the gencral acid-catalyzed addition of substituted amilines to dicy- 
ашапйде. The overall reactive is 


NH2 
нА | 
АМН, + HN(CN), > ArNH C 








N—CN 


Here ААН, is an attacking nucleophile and HA is the acid catalyst. Two reaction 
series сап be designed for the present purpose; in one of these АгМИ is held 
constant and the structure of HA is varied, and in the second HA is held constant 
and the structure of ArNH, is varied. To continue the treatment we must anticipate 
Chapter 7 by defining these quantities 





ан The slope of a plot of log Къз. pK, of HA (ArNH; held constant), 





Bu. The slope of a plot of log F vs. pK, of ArNH; (HA held constant. 


The quantities of аца and Bru: аге sensitivity coefficients closely analogous to the 
quantity о that we encountered in the Marcus treatment, and their interpretation is 
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similar. аа represents the fractional extent to which the proton transfer has been 
accomplished in the transition state of this process 


HA CN (CN); — A^ + HN(CN)2 
(The pK, of dicyanemide is less than 1, 90 it exists mainly аз the anion iudei the 
reaction conditions. c is а negative number, so the absolute value is taken.) This 


equation constitutes the R — 1' step. The quantity Bnw: describes the fractional 
extent of the R — I step, which Б 


+ 
ArNH; + МСМ), = ArNH; 





NCN 


Figure 5-23 shows the RIP diagram. 

Several lines of evidence led to the conclusion that the reaction is concerted. 
Experimental values of the sensitivity coefficients were ana = —0.54 and П... = 
0.63. These values are plotted in Fig. 5-23 to define the position of the transition 
state, which probably has the following charge distribution, where the net charge 
is — L, and bond formation from the nucleophile to carbon is well advanced. 


: 

" А 

A – МН: - CSN: HA 
b 


Noo 


Other examples of this sensitivity coefficient approach are given by Bernasconi® 
‘on the deprotonation of phenylnitromethane and by Thibblin™ on elimination re- 
actions. Elaboration of the method takes into account variations in the coefficients 
Within and hetween reaction series 8.8 

Other measures of the reaction coordinate have been proposed. Jones and Kirby? 
suggest that (within a reaction series) the longer the bond, the more readily it will 
cleave heterolytically. This ideu is bused on the premise that n longer covalent bond 
carries a greater contribution from the charge-separated valence bond structure, as 
in 


R-X-R' o R' -X-R 


Thus, the greater the charge separation in the initial state, the easier the cleavage 
to the ion pair. Crystallographic bond lengths, therefore, provide some information 
about the reaction coordinate. Shaik?! has given a quantitative form to the terms 
Jooseness and tightness of а transition state. Qualitatively a loose transition state 
has weak, partial, long bonds. Shaik draws a bond dissociation curve (like Fig. 5- 
1) for a transition state; ie., the transition state is the species al the minimum of 
this curve, The completely dissociated species corresponds 10 the maximum possible 
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тшш 5-23. NIF diagram for the general acid catalyzed addition cfunilinoe te умыт 


looseness. The tightness of the transition state is defined 7^ = DID, where D* is 
the binding cnergy of the transition state (relative to reactants) and D is the bond 
dissociation energy. The looseness is then L? = 1 — T*. It is inferred that a small 
energy barrier corresponds to a tight transition state, and a high barrier to a loose 
one, because the loose transition state is closer to the dissociated condition. 

By locating the transition state within the RIP diagram with the aid of progress 
variables such as sensitivity coefficients, we have nor yet made explicit use vf the 
third dimension of these dingrams, the energy. It has proved possible to construct 
the energy surface, by completely empirical means, and thus to deduce the reaction. 
path taken by the reacting systcm over the surface. One needs to know the energies 
(relative to some state such ns the initiul slute) of several points, for example, the 
four comers ard the transition state, together with the mathematical shape of the 
surface, which is generally assumed to he а hyperbolic paraboloid, Agmon” and 
Guthrie and Pike”? show examples of this appivacti. Мио and Grunwald?5-7° 
have generalized Marcus theory for the case of two progress variables. We will 
outline Grunweld’s method 

The К+ reaction is called the main reaction, and the hypothetical process 1 
— 1% is called the disparity reaction. Figure 5-24 is an RIP diagram with two 
coordinate systems. In the type of diagram we have used thus far, the coordinates 
arc u and v; for example in Fig. 5-23, и = Bme and = o. The normalized 














228 кемнен A. UUNNORS 





[0.0] 


Figure 5-14. The v.v and x.y coordinate systems of Granweld's analysis of the RIP утат. The r,+ 
encróinatcs are in parentheses and the у cnontineies апе in Мале 


uv coordinates of the four comers of the RIP diagram are enclosed in parentheses 
in Fig, 5-24. 

A normalized x,y coordinate system is generated by a translation and 45" rotation 
as shown by the larger square in Fig. 5-24. and the x.y coordinates of the {тип 
comers (R, P, Г, I*) of the RIP diagram are given in square brackets. The i.v, 
amd z, y coordinate systems аге related by Eq. (5-75). 





x= (u + vy2 (5-75a) 
yobt (ya (5-750) 


Thus, the coordinate x mcasures the progress of the main reaction frem R to P, 
whereas (y — 3) is а шегше of the perpendicular displacement from the pure 
concerted reaction path 

For a system describable with a single progress variable, we derived the Marcus 
equation, Fy. (5-76). 
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7 
Ac = agi + 8S + 


(5-76) 





‘The position of the transition state on the reaction coordinate, e, is given by 


ee cd 
2 BAGI 





а 09-77) 


The extension 10 two prugieds vátiables ^"^ gives Eq, (5-78), which may bc com- 
pared with Eq. (5-76). 


AG = му + + (5-78) 


2 





In Eq. (5-78), AGé is the intrinsic energy barrier of the main reaction, AG? is the 
standard free energy change of the main reaction, AG] is the intrinsic energy well 
of the dispurity reaction, and AG? is the standard free energy change of the disparity 
reaction. Figure 5-25 shows profiles of the hyperbolic paraboloid surface, the main 
reaction path along thc x coordinate passing over the barrier of height AGS (since 








Figure 5-25, Sections through a hyperbolic paraboloid erergy surface constructed over an RIP dia- 
trum The inne вле Gof ie man reaction And the intrinsic well АС] of the pty recon 


are shown, 
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AG" = 0 as shown), whereas the perpendicular disparity reaction path along the 
у coordinate passes through an energy minimum, whose magnitude (taken as а 
positive number) is АС}, because AG? = 0 in this diagram. The coordinates of 
the transition state are (see Problem 9) 


(5-793) 


(5-790) 





When the states [* and Г are of equal energy, AG? = 0 and Eq. (5-78) becomes 
Eq. (5-76); with this condition, also, x! = о and у? = 3, describing the pure 
concerted reaction along the x coordinate with no net perpendicular displacement 
An apparent failure of Eq. (5-76) may mean that Eq. (5-78) is applicable. 

Grunwald’*” has shown applications of Eqs. (5-78) and (5-79) as tests of the 
theory and as mechanistic criteria. One way to do this, for a renction series, is te 
estimate AG? and AG? from thermodynamic data and from reasonable approxi- 
mations and then to fit experimental rate data (AG' values) to Eq. (5-78) by nonlinear 
regression. This yields estimates of AG§ and AG} (which are constants within the 
reaction series), and these are then used in Eq. (5-79) to obiain the transition state 
coordinates. 
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PROBLEMS 


1. Find К, the overall equilibrium constant, for Scheme И as a function of the rate 
constants. 

2. For the oximation of a ketone (see Fig. 5-12 and sevompanying text), sketch. 
the free energy reaction coordinate diagram at рН 7 and pH 2, 

3. Give an equation for ДЯ? in calories per mole per degree Kelvin. (This com- 
hination of units is called an entropy unit, eu.) 

4. Collision theory leads to this equation for the rate constant: А = A exp( — УКТУ 

A'T? exp (-EIRT). Show how the energy E is related to the Arrhenius 
activation cnergy £, (prcsuniug the Aulicuius preexponential factor is temper- 
ature independent). 

5. Show that the slope of а plot of log(KT) against 1/7 is equal to — AH"/2.3R. 

9. What condition is required in order thal лт (Eq. 5-60) and о (Eq. 5-67) be equal 
for all AG? 

7. Jencks ard Gilchrist” have shown that Be ~ 0.3 and Bry = 0.3 for the attack 
«1 strongly basic anionic oxygen nucleophiles on esters, where B, is B for the 
attacking alkoxide ion ard Б, is for the leaving group. Construct un RIP diagram, 
showing structures of R, 17, Е, P, and the location of the transition. state 

8. Let x be Ше normalized progress variable in a system subject to the Marcus 
equation (Eq. 5-69), sua! = $ + AG"/BAGÉ, where x* has the signslicance ot 
a in Eq. (5-67). Then deduce this equation, which dexrihes the energy change, 
relative to the reactant, over the reaction coordinate: 
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AG = 4АС% х1 — зу + xàG* 


Hint. х the value of à when Абд» — 0. 
9. By analogy with Problem 8, we write fora system having two progress variables 





G = яасфд1! — зу + хаб? — AGI — у) + AGE + € 


where C is a constant. [Scc Ref. 75 for a justification of this equation. | 
(a) Derive Eq. (5-79) for x' and y^, the coordinates ol the transition state. 


(b) Derive Eq. (5-78). 








CHAPTER 6 


Phenomena for Study 





Chapters 2, 3, and 4 treat the mezsurement of rate constants. and Chapter 5 describes 
physical ideas (theories) useful in providing a concepural context for the interpre- 
tation of kinetic measurements. We ure now in a position to explore the kinds of 
experiments that can yield kinetic information pertinent to chemically interesting 
problems. The general approach is to modify the reaction system or to apply a 
stress to it and to observe the response of the system to this stress. The stress may 
constitute a change in the reaction environment, such factors as temperature, pres- 
sure, pH, and solvent composition being useful experimental variables for this type 
of manipulation; or we may alter the system by introducing catalysts or by making 
structural changes in the reactants. Chapters 6, 7. and 8 deal with these methods 
for applying kinetics. Chapter 6 treats a miscellany of useful approaches. Chapter 
7 deals with structural changes, end Chapter 8 with changes in the reaction medium. 
(Galt effects are included in Chapter 8, but pl] effects are in Chapter 6; the separation 
is based on whether ог not the kinctic effect сап be described by а concentration 
term in the rate equation.) 


6.1 TEMPERATLIRF DFPFNDFNCE OF RATES 


The Arrhenius Equation 


Chemical reaction rates increase with an increase in temperature because st a higher 
temperature, a larger fraction of reactant molecules possesses energy in excess of 
the reaction energy barrier. Chapter 5 describes the theoretical development of this 
idea. As noted in Section 5.1, the relativnstup between the iate constant А of an 
elementary reaction and the absolute temperature T is the Arrhenius equation: 





k= Ae tne (6-1) 
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In Eq. (6-1), A is called the preexponential factor and F, is the activation energy. 
n this section we are concerned with the experimental evaluation of A and E, and 
with their uses. 

Usually the Arthenius equation is placed in the linear form 





Ink= nA ERT [zl 
and a plot of In k against UT (called an Arrhenius plot) yields estimates of A and 
E, from the intercept and slope. The differential form of Eq. (6 2), useful Inter in 
this section, is 


dink Е, 
Wun R (63) 





From Eq. (6-1) it is evident that A has the units of k and that E, has the units 
energy per mole. For many decades the usual units of Е, were kilocalories per 
mole, but in the Incrrational System of Units (SI) E, should he expressed in 
kilojoules per mole (1 kJ = 4.184 kcal). In order to interpret the extant and future 
Kinetic literature, it is essential to be able to use hoth of these forms 

Figure 6-1 is an Arrhenius plot for the chair-chair conformational inversion of 
cyclohexane, determined by NMR methods by Anct and Bourn.’ (Of course log- 
arithms to the base 10 can also be used, with the advantage of providing rapid 
onder of-nvipnituule interpectatians.) The equation of the straight line in In( is!) — 
30.5 — 56007. from which is found = 176 x 10" s and E, = 11.2 kcal 
mol '. Although the general appearance of Fig. 6-1 is common to nearly all Ar- 
rhenius plots, this cxample possesses several unusual features. One of these is the 
low temperatures of the rate studies (~24.0 to — 116.7°C); most kinetic studies 
are around room temperature, so the abscissa on an Arrhenius plot is typically of 
the order 1/7 = 0.003. More importantly, the temperature range in Fig. 6-1 is 
unusually wide, and the study generated a large number of points, It is much more 
common to see Arrhenius studies of three to five points covering a range of 20- 
AVC. Notice the excellent lincarity of the plot in А 

‘The valucs of A and E, provide a full description of thc kinctic data, but й may 
be desirable, for mechanistic interpretation, to express the resulls in terms of the 
activation parameters АА? and AS". We developed equations in Section 5.2 for this 
Purpose; for convenience these are repeated here: 








АН! = 





à RT (6-4) 
AS = RMA Аа (А7) R) (G5) 


In these calculations T is taken in the middle of the experimental range; k is the 
Boltzmann constant and M is Planck's constant. Krom Eq. (5-48) ir can bc scen that 
a plot of In(/T) against VT has a slope of —AH*/R: such a graph is called an 
Eyring plot. 
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Figure 61. Anbenius plot for the chair-chair ning inversion of сусіоћехлге ! 


This is all very straightforward in principle, but in practice there may be diffi- 
culties. These arise from two sources: the limited temperature range that is usually 
studied and the very long extrapolation to 1/7 = 0 thal is required to estimate In 
A. It is, therefore, advisable to make use of statistical techniques in order to obtain 
Шк Lest parameter estimas, and. we now consider this problem. We developed 
the necessary mathematics in Section 2.3 

We with to apply weighted linear least-squares regression to Eq. (6-2), the 
linearized form of the Arrhenius equation. Let us suppose that our kinetic studies 
have provided us with data consisting of Ё,. T, tru for at least three temper- 
atures, where Ui is Ше experimental standard deviation of &,. We will assume that. 
the error in 7 is negligible relative to that in К. For convenience we write Eq. 
(6-2) as 











у=а+ іх (6-6) 


where у = Ink, x = ШТ, а = In A, b = —К/Ё. The observation index i is 
amined for simplicity. 
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їп order to carry ош the weighting of y values, we need ož, the variance of y. 
Applying the propagation of errors treatment (Eq. 2-66) te the function у = In k, 


we have 
2 2): > 
Y G "E 


(6-7) 


The weight of the ith observation is inversely proportional to the variance uf the 


чеш; we will use Eq. (2-82) fur this quantity, т being the number of ob- 





sooo nd 
ЕТ Ded 


Finally, from Eq. (2-78), we have the normal equations for weighted linear least: 
Squares regression: 


aw i bXwx = Xwy (6-93) 
анх + Уа? = Xvay (69b) 


‘We will apply mese results to data on the addition of m-ni 
Borbornene in Ну acetate:? НЕ 


О - 05 


“о, 


Table 6-1 lists the experimental quantities, А, T. ту, the transformed variubles x, 
» e Weights w. (It is necessary, in least-squares calculations, to carry many 
more digits than are justified by the significant figures in the data, at the conclusion, 


rounding may be carried out as appropriate.) The sums required for the soln 
the normal equations are 





Zw 





Ума — 9.943214 x 10 * 
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Iwe = 32.977 x 10° 
Euy = —15.99700444 
nay = —53.109043 x 107 
Inserting these quartities into Eq. (6-9) and solving yields the parameters a and b. 


We also want estimates of the uncertainties of the parameters. Equations (2-99) 
and (2-101), repeated here, provide these, 








1 
"e ZB те = a 
om yee зр so 


where of measures the scatter of the experimental points about the least-squares 
linc: 


Хо 
п 2 





(6-12) 





‘Table 6-2 lists the results of the analysis. | 1u calculate А we use the relationsnip 
«à = Ata}, ых Eq. 6-7).] The regression analysis was also carried out without 
weighting, that is, by setting w = 1 for each point; these results are included in 
Table 6-2. 

Examination of Table 6-1 reveals how the weighting treatment takes into account 
the reliability of the data. The intermediate point, which has the poorest precision, 
is severely discounted in the least-squares fit. The must interesting features of Table 
6-2 аге the large uncertainties in the estimates of A and E,. These would be reduced 
if more data points covering a wider temperature range were available; nevertheless 
it is common to find the uncertainty in E, to be comparable to AT. The uncertainty 
of A is а consequence of the extrapolation to 1/Т = 0, which, in effect, is how In 
A is determined. In this example, the data cover the range 0.003 23 to 0.003 41 
in VT, and the extrapolation is from 0.003 23 to zero; thus about 95% of the line 
constitules an extrapolation over unstudied tempertures. Estimates of A and £, are 
correlated, as are their uncertainties.” 





Tame 6-1. Durs for Weighted Linear Least Squares Arrhenius Andlysis 








Т ИМ min! ОСИМ" mi $ y w 
193.55 258 0.02 0003 205 505 5.975 5912 1.343 109 483 
198.15 зу ав 0.033 528 902 —5.523 96405 0.051 780595 





390 aR 0.06 0.003 23603) — =4.787 89182 1.605 103 917 
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Тэтеб-2. Least-Squares Analysis of Kinetic Data in Table 6-1 








Analysis 

 Quavtiry Weighted Unweighted 
a 1792 1679 
b —nie то 
a 45 4m 
a 0401 x 10° 0.431 x 10 
AME! шш" 91d RERU 
Елса mol | na 133 
АМ mint 128 x 107 43x 107 
kcal mot 13 B 





This weighting procedure for the linearized Arrhenius equation depends upon the 
validity of Ба (6-7) for estimating the variance of y = In k. It will be recclled 
that this equation is an approximation, achieved by trunceting a Taylor's series 
expansion at the lincar term. With poor precision in the data this approximation 
may not be ucceptable. A better estimate may be obtained by uunating efter die 
quadratic term; the result is 





@-$ (1-443) (6-13) 


An alternative method for estimating ož is described by Deming’ and illustrated by 
Cvetanovic and Singleton. 

With computers we are able to use the Arrhenius equation in the form of Eq. 
(6-1) and to carry ош nonlinear regression of k as a function of T. The principle 
of nonlinear lcast-squaics кеъ созіши was developed in Section 2.3. If the absolute 
‘error (иу) in К is constant, unweighted nonlinear regression is appropriate [ln this 
case, of course, Weighting would be required in fitting data to Eq. (62). On the 
Uther hand, if the relative crror o,/k is constant, weighting of the nonlinear regression 
is required, but unweighted lincar regression is appropriate. Sec Problem 7.] 

Kinetic studies at several temperatures followed by application of the Arrhenius 
‘equation as described constitutes the usual procedure for the measurement of ac- 
tivation parameters, but other methods have been described. Bunce ct al.“ eliminate 
the rate constant between the Arrhenius equation and the integrated rate equation. 
obtaining an equation relating concentration to time and temperature. This is ana- 
lyzed by акла, regression ro extract the activation energy. Another approach is 
to program temperature as a function of time and to analyze the concentration—time 


data for the activation energy. This "nonisothermal" method is attractive because 
it is cfficient, but its usc is not widespread.”* 
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Curved Arrhenius Plots 


Usually the Arrhenius plot of in А vs. ШТ is linear, or at any rate there is usually 
ло sound basis for concluding that it is not linear. ‘This behavior is consistent with 
the conclusion that the activation parameter: arc constants, independent of tem- 
persfure, exer the experimental temperature range. For some reactions, however, 
definite curvature is detectable in Arrhenius plots. There seem io he three possible 
reasons for this curvature. 

‘One possibility is that the curvature is an artifact introduced by a systematic error 
in the measurements. This is not unlikely, because rate constants may vary by 
orders of magnitude over a wide temperature range, necessitating different analytical 
кшк vi data treatments in different temperature regions. Careful experimental 
work skould be able to identify such problems. 

А more interesting possibility, onc thet has aracted much attention, is that the 
activation parameters may be wiperaue dependent. In Chapter 5 wo ww thet 
theory predicts that the preexponential factor contains the quantity Т", where л = 
$ according to collision theory, and л = 1 according to the transition state theory 
In view of the uncertainty associated with estimation of the preexponemtial factor, 
it is not possible to distinguish between these theories un the basis of the observed 
lemperature dependence, yet wc have the possibility of a source of curvature 
Nevertheless, the cxponential term in the Arrhenius equation dominates the tem- 
perature hehavior. From Eq. (6-4), we may examine this in terms either of Ex ot 
AH. By analogy with cauilibrium thermodynamics, we write 





ac; = 7 (9-14) 


‘Thus curvature in an Arrhenius plot is sometimes ascribed to a nonzero value of 
АС}, the heat capacity of activation. As can be imagined, the experimental problem 
is very difficult, requiting rate constant measurements nf high accuracy and pre- 
cision. Figure 6-2 shows a curved Arrhenius plot for the neutral hydrolysis of 
methyl trifluoroacetare in aqueous dimethysulfoxide.” The rate constants were mea- 
sured by conduciomeuy, Шей relative standard deviutions being 0.014 to 0.076% 
“The value of АС} was estimated to be about — 200 J mo! K ', with an uncertainty 
of Jess than 10 J тог! K. 

АСУ is interpreted as the difference in hear capacities beiween the transition 
state and the reactants, and it may he a valuable mechanistic tool. Must reported 
АС! values are fur reactions of neutral reactants to products, as in solvolysis re- 
actions of neutral esters or aliphatic halides. """" Because of the slight curvature 
эсеп in the Arrhenius plots, us exemplified by Fig. 6-2, the inerpretation. and 
even the existence, of AC} is а matter uf debate. ‘The subject is rather specizl- 
ized, so we will not explore it deeply, but will outline methods tor the estima- 
tion of AC]. 
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Figure 6-2. Curved Атһегїш plot for the hydrolysis of methyl triffuoroacetate in 
water (cle fraction water = 0.97307 i аш 


‘These methods arc based on extensions of the Arrhenius cquation, which we can 
write 


Ink 2 A + BT (6-15) 
where A and В are constants that are related to the acti 
tivation parimeters of the 
Arrhenius equation. [Note that A in Eq. (6-15) is nor the it 
- Arrhenius prcexponential 
factur.] By assuming that A. Cris a linear function ol T, Kg. (6-16) con be deed 
Ink =A + BT + ClnT + DT. (6-16) 
Y ACE is independent of tery i 
perature, the final term in Eq. (6-16) can be neglected. 
Clarke and Glew’? expanded АН in a Taylor's series, muncating at the third 
derivative of AC}. und nbtaincd Eq. (6-17). 
Ink=A+ BT + CinT + DI + КТ + КТУ (647) 


‘They point out rhat it is invalid to retain а higher-urde i 
h E r (in 7) term while omitting 
alowcr-order term. for this is inconsistent with the Taylor's series expansion. tate 
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squares regression is used to evaluate the parameters. Kanerva et al.” Interpreved 
the data in Fig. 6-2 by mcans of Eq. (6-17). 

Wold” proposed Eq. (6-18), finding that it yielded curve fits аз good as Eq. 

6-16), with D = 0. 
Ink = A + BIT + CIT? 16-18) 
Adams ct al '^ introduced an empirical c»pressiun, Eq. (6-19). 
Ink = А + ВТС (619) 
Equation (6-19) was said to provide a fit as good as or better than those with other 
equations. The parameters were evaluated by fixing C and carrying out a lincar 
least-squares regression of In k on 75; C was then altered and the procedure was 
tepeated. The residual sum of squares was taken as а criterion uf hent fit 

Ineach cise the parameters А, B, C. . . . can be related to the activation quantitics 
Ан“, А5", АС} via the relationship d In dT = — ЕТ, Eqs. (6-4) and (614), 
and the functional relations assumed between AC} and 7. 

Reported AC; values for solvolytic reactions are in the range — 10 to —100 cal 
mot” K^." А negative value of AC; means that AH? and AS* decrease as term- 
perature increases. Several authors" ^1? have concluded that AC; values are real 
quantities and that they constitute valuable mechanistic information, but this view 
is not unanimous. The difficulty, as seen by skeptics,'° is that п curved Arrhenius 
plot may be a consequence vf acomplex reaction. This is ће third of the possibilities, 
mentioned earlier, that can produce curvature in an Arrhenius plot. If the measured 
tate constant is a function of several elementary reactions, each with its own 
(temperature-independent) activation encrgy, the observed Arrhenius plot may be 
linear or curved depending upon the functional relationship of the observed constant 
к) dhe cicwentary constants and the magnitudes of the activation energies.” The 
apparent activarion energies of multistep enzyme-catalyzed reactions cen be related 
lo the rate constants and activation energies of the individual steps."* Evidently an 
interpretation of curvature in wru uf a АС}; valuc, when n complex reaction is 
responsible, will produce а AC? that is an artifact. Some pas phase reactions show 


highly curved Arrhenius plots, and these have been interpreted in terms of a complex 
reaction with a stable intermediate," ^^ 








Standard States 


A first-order rate constant has the dimension timc", but all other rate constants 
include a concentration urit. It fulluws that a change of concentration scale results 
in a change in the magnitude of such г rote constant. From the equilibrium as- 
sumption of transition state theory we developed these equations in Chapter 5: 





(6-20) 
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AG! = —RT in К? (6:21) 
AG? = Ан” — TAS! 16-22) 


‘These apply to а bimolecular reaction in which two reactant molecules become a 
single particle in thc transition state. It is evident from Has (6.20) ond (6.21) that 
a change in concentration scale will result in a change in the magnitude uf AG 
An Arrhenius plot is, in effect, a plot of AG! against I/F. Because a change in 
concentration sesle alters the intercept but not the slope of un Arrhenius plot, we 
conclude that the values of AG! ard AS", but not of АН", depend upon the con- 
centration scale employed for the expression of reactant concentrations. We, therc- 
fore, wish to know which concentration scale is the prefeiied une in the context of 
mechenistic interpretation, particularly of AS! values. 

"The mole fraction (x), molality (т), and molarity (с) are the concentration scales 

umani use. Te rc кйш by Ра. (6-23) and (0-24), 











а зли) 
^os Cn ) Ө 


where p is the solution density. Ул, is the sum of the number of moles, and M, is 
the molecular weight of constituent j. i 





эм, 
S (x) (6-24) 


|. (6-24) M, з the molecular weight of the solvent. Tbe quantity 100i, 
is the number of moles of solvent in 1 kg of solvent; this can be calculated for 
mixed solvents as well as for pure solvents. 
In very dilute solutions of solute i, the several concentr 
е 5 ation scales beco 
proportional to cech other as expressed in Eqs. (625) and (6-26). E 





cM, 

GUT TR (6.25) 
mM, 

= Too (6-26) 





‘The transition state theory allows us to apply results of equilibrium thermody- 
namics, and we, therefore, write, for a reactant or transition state species i, 


ы BI е AT In ay 27) 


where р, is the chemical potential (partial molar free energy) of i and a, is its 
activity. The quantity р? is the standard chemical potential, which is the value of 
M, when д, = 1. The state of a system in which th 
is the standard state for that substance. 





ty of substance } is unity 


255 


PHENOMENA ron отору 
‘The activity is related to concentration by 
а = тю 1628) 
where ^, is called the activity coefficient. The reference state is that state of the 
system for which the activity coefficient is unity. An equation like Eq. (628) сап 
be written for each concentration scale, giving, in combination with Eq. (0-27), 
u = p? + RT inya 
p= po + RT In ye 


poc ph + RT In yam 





For a subpiane in a given syutem the chemical porontial и. has a definite value: 
however, the standard potentials and activity coefficients have different values in 
these three equations. Therefore, the selection of a concentration scale in effect 
determines the standard srate. 

‘There is no compelling thermedynamic reason to prefer one concertration scale 
to another. (The mole fraction and molality scales are temperature independent, 
which may be a practical recon to prefer them to the molarity scale.) However, 
there is a significant difference in that the stindard state on the mole fraction scale 
is the pure substance, whereas the mulality and molarity scale standard states 
approximate to the [nt and IM solutions; that is, they are mixtures. Gurney”! nas 
analyzed the problem of the choice of standard state and shows that the mole Fraction 
scale Vends по values for the free energy and entropy changes that do not include 
the contribution from mixing (which is of no interest in terms of the chemical 
reaction being studied). This point is particularly important when comparing results 
in differen: solvents, for then the mixing contribution varies with the solvent, being, 
a function of the quantity М". The arguments have been given in detail elsewhere 
in the context of equilibrium studies???" Gurney” calls the quantities evaluated 
on ie mole fravtiun scale unirary thermodynamic quantities 

For ease in converting frorn the commonly used molarity scale to the mole fraction 
(unitary) scale, let us develop expressions suitable to the bimolecular reaction case, 


A+ BoM! 


Define KP = хы'хдхь and К} = cw/cac. Convert molar concentiations te mole 
fractions using the dilute solution limit, Fy. (6-25), thus obtaining КЇ = PMK. 
Using Eqs. (6-21) ard (6-22) yields 


AGi— Аб? — RT In p,M* (629) 
AS; = AS} + Rint (0:30) 


For example, in aqueous solution AS] = AS! + 8.0 cal mol! K ; thus, it is 
advisable to be cautious in making mechanistic inferences based on the magnitude 
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or sign of thc cntropy of activation. In reporting AS} values, the standard state 
(concentration scale) should be specified. 


Complications in Buffered Solutions 


Кеалиль vatalyzed by hydrogen ton or hydroxide ion, when studied at controlled 
pH, are often described by pseudo-first-order rate constants that include the catalyst 
concentration or activity. Activation energies determined from Arrhenius plots using 
the pscudu-lirsorder rate constants may include contributions other than the ac- 
tivation energy intrinsic to the reaction of interest. ‘This problem was analyzed for 
a special case by Higuchi ct а]; the following treatment is drawn from a more 
‘general analysis.” 

We suppose that the molar concentration scale is used; brackets signify concen- 
tration, and parentheses signify conventional activity as determined hy pH ren- 
surements. First, consider ап zcid-catzlyzed reaction having the rate equation 





reactant][H* ] 





giving the pseudo-first-order rate constant 
Кы = Ан) 


hers we ouppuse Шш (1) luis been detcrminec from the measured pH. Taking 
logarithms and differentiating gives 


(631) 





where Eq. (6-3) has been used, Ёш, is the observed activation energy, and Ey is 
the activation cnergy of the acid-catalyzed reaction. Because the activity is related 
to concentration hy (Н *) = [Н *], Eq. (6-31) can be expressed 





dinya рН] 


Ee S Be ory AUT) 


(6-32) 


The last term in Eq. (6-32) describes the temperature dependence of the molar. 
‘concentration; in water, this contributes only about — 45 cal mol! to Exes at room. 
temperature. In a strong mineral acid solution, the temperature dependence of the 
activity coefficient term” contributes about — 90 cal mol. These are small quan- 
tities relative to the uncertainty in E... 

The situntion is morc interesting whau Ue sulution i» buffered with a weak acid, 
say НА. Then, if K} = (HA ИНАТ is the apparent acid dissociation constant 
we have 


din(H') dinky dine 
dT) dT) dur) 





(6-33) 
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where r = [A [HA], the butter ratio. This rato is invariant widi temperature. 








The van't Hoff equation for the temperature dependence of the dissociation constant 
is 
dink, АН (635) 
dam R 


Combining Eqs. (6-31). (6-33), and (6-34). 
Ean = En + АН, (635) 


In Eq. (6-35), AH, is the molar heat of iorizatiun of the buffer acid at the conditions 
(temperature, solvent composition) of the kinetic studies. It happens that for many 
commonly med acidic buffers this quantity is small. Hamed and Owen" give 
AH? — —0.09 kcal/mol for acetic acid al 25°C, for example. The very important 
buffer of dihydrogen phosphzte-monohydrogen phosphate is controlled by pK; of 
phosphoric ucid; at 25°C its heat of ionization is — 8? kealimol. —— 

Turning to base-catelyzed reactions, the most commen formulation is 


кы = Kon(OH ) 


п which (OH) is derived from a pH measurement via the autoprotolysis constant, 
К. = (OH). Combining these equations, differentiating, and making sub- 


stitutions as before gives 


din(H*) 
E ы, (6-36) 
Ein = Eon + АН, + R dT) 


where АН, is the heat of ionization of water. At very high pH, where the alkali 
hydroxides may be used to hold pH constent, the analysis is similar to the treztment 
for strong acids. The activity coefficient and thermal expansion terms will usually 
be negligible. ; 

Suppose now that the pH is controlled by a weak base buffer, the equilibrium 
being written ВН“ = В + H^, where B signifies a neutral base. The apparent 
dissociation constant is K, = (11" УВИВН ' |. Following the earlier argument, we 
obtain 


E = Eon + АН, — АН, (6-37) 


The quantities AH.. and ДН. require consideration. These are molar heats of 
ionization at the conditions of the kinetic measurements. The thermodynamic heat 
‘of ionization of water in pure water, AMS, is a function uf winperaiue; Harned 
and Owen?" '^ give for this quantity 


AH® = 23984.15 — 23.4977 — 0.0390257? cul ino) 
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For example, at 25°C, AH = 13.51 kcal mol; at 50°C, AHY = 12.32 keal 
mol-*. (This variation could conceivably lead to nonlinearity in Arrhenius plots of 


kas.) It seems appropriate to use, in Eq. (6-37). a heat of ionization of water in 
the middle of the temperature range vf the kinetic studies. 


Aside from its temperature dependence, АЙ „ depends upon solvent composition, 
this dependence being expressible by Ea. (6-38), 


AH, = Al? + ap? (6-38) 


where p is ionic strength and a is a constant. Harned and Own?" ^ ®'+- found 
that Eq. (6-38) is followed up to an ionic strength of unity; the value of a depends 
upon the identity of the sah. At an ionic strength of 0.1 M, the a term can contribute 
50-150 cal mol" to AH. 

‘These same dependencies will, in general, apply to the heat of ionization of the 
butter acid, Atta. ‘Ther wmuynuniv quantides, namely, ALS, have Lec reputed for 
some buffer substances, and it is found that AH! is temperature dependent. Bates 
and Hezer” studied the temperature dependence of K, for the important buffer 
tris(hydroxymethyDaminomethane (TRIS), finding, 








AH? = 57080 — 0.10677? J mol ^' 


These authors also list thermodynamic quantities for many other amines. АН, at 
25°C, ranges from 3.37 keal mol! for the very weakly basic 2.2'-bipyridinium to 
13.88 kcal mol" for n-butylammonium; for TRIS at 25°C, AHS = 1138 kcal 
mol! 

It may happen that AH, is not available for the hnffer substance nsed in the 
Kinetic studies; moreover the thermodynamic quantity AHS is not precisely the 
correct quantity to usc in Eq. (6-37) because it does not apply to the experimente) 
solvent composition. Then the experimentalist сша determine АН. The most direct 
method is to measure AH, calorimetrically; however, few laboratories are equipped 
for this measurement. An alternative approach is to measure K5, under the kinetic 
vonditions vf temperature and solvent; dus can be dune potendvmeuicaily vr by 
potentiometry combined with spectrophotometry. Then. from the slope of the plot 
of log К against T. AH, is calculated. Although this value is not thermody- 
namucally debned (since it 1s based on the assumption that ДЕ, 15 temperature 
independent), it will be valid for the present purposc over the temperature range 
studied. 

An alternative calculational method is based directly on Eq. (6-36), which can 
be put into the equivalent form. Eq. (6-39). 








Fas — Fon + AH. + 2 зат PH (6-39) 


Bates and Bower” have reported values of dpH/dT for several important basic 
buffers. 
‘On the basis of this analysis, there arc three different experimental designs 
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available to the kineticist for the evaluation of the intrinsic activation energy. The 
following discussion is directed to the case of a reaction in the presence of a weak 
base buffer, but the same considerations, appropriately modified, apply to the ether 
cases 





1. Prepare the solutions and measure the pH at one temperature of the kinetic study. 
Of course, the pH mewer wa алии mast be piuprily calibrated against standard 
buffers, all solutions being thermostated at the single temperature of measurement 
Carry out the rate constant determinations al three or more tempertures; du not 
measure the pH or change the solution composition at the additional temperatures. 
Determine Exp, from an Arrhenius plot of log kaye against IT. Then calculate Eon 
using Eq. (6-37) or (6-39) und the appropriate values of AH, and AH, as discussed 
above. 

Notice that the pH is allowed to vary with temperature in this method, Eqs. (6- 
37) and (639) taking. this variation into account. Notice also that the measured 
value of pH is nowhere used in finding Гон; it is only needed to calculate krn, 
when the value of K., appropriate to the experimental temperature must be used in 
calculating (OH-) 

2, Prepare the solutions, thermostat them at the temperatures to be used in the rate 
study, and then adjust them all to the same pH value by the addition of small 
volumes of conccntraicd strong ucid er base. The pH meter must be correctly 
calibrated at each temperature. Now carry out the kinetic study and calculate Eons 
Because this procedure has set d In (H * Vd(1/7) = 0 experimentally, use Eq. (6 
36) in the form Fay = Fon + АН. 

З. Prepare the solutions, thermostat them at the rate study temperatures, and measure 
the рН at cach temperature, taking the correct precautions concerning calibration 
of the pH meter. Now conver! each pH to (ОНГ), using (ОН — КН ' ), where 
K must be appropriate to each temperature. Then calculate kon = E, (O2) and 
make the Arrhenius plot with kon, obtaining Eon directly 


In rcporting t^c results of such studies, the cxperimental design should be carefully 
described so readers are able w assess the precise significance of the reported values 








Uses of Activation Parameters 


We сап make two different uses of the activation parameters АН? und А5? (or, 
equivalently, Е, and A). One of these uses is а very practical one, namely. the use 
of the Arthenius equation as a guide for interpolation or extrapolation of rate 
constants. For this purpose, rate dara are sometimes “Stored” in the form of the 
Arrhenius equation. For example, the data of Table 6-1 may be represented (see 
Table 6-2) as 


Ink = 17.92 — 70167 
or as 


k = 6061 x 10 e VRT 


Numter 
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More digits are retained in such presentations than are required to express the 
experimental precision in order that rounding errors be minimized. 

In industrial applications the Arrhenius equation is often used to extrapolate 
outside the experimental temperature range. Accelerated stability studies atc ex- 
emplificd by Kinetic studies on drug dosage forms; very commonly rate constants 
are measured at several temperatures in the range 40-70°С, and extrapolation to 
toom temperature (25°C) is made with the Arrhenius equation. All extrapolations 
are potentially misleading, and the possible weaknesses in the present example are 
wellrerognized: Important among these is the possibility that more than one reaction 
is responsible for the observed chemical change and that the proportions of the 
reactions contributing to the overall process change with the temperature. Eriksen 
and Stelmach? have discussed this situation. 

It is interesting to consider the values of activation energies likely to be en- 
countered in solution reactions. In surveying literature reports we must be aware 
Шаб nist reactive але чалирісл aint diat cumplicativus ibt: those desibel exrlier 
for buffered solutions may be present. Nevertheless, practical information is avail- 
able. Kennon” found the average activation energy (Е,) of 38 pharmaceuticals to 
be 19.8 kcal mor”; this value includes multiple determinations Jor some drugs. 
Figure 6-3 shows a frequency distribution for 147 activation cnergies of drug 
decomposition reactions drawn from a compendium of literature sovrces.! The 
mean value of E, is 21.0 kcal mol, and 88% of the values fall in the range 10 
30 kcal mol. Most of these reactions are hydrolyses, but some oxidations and 
other reaction types are represented. ‘Table 5-1 lists 15 more reactions; the mean 
value of E, in this list is 21.3 kcal mot’. The rule of thumb that reaction rates 
increase by a factor of 2 to 3 for cach 10°C rise in temperature is based on 
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Figure 6.3. Diarhorion of Arrhenine сулба energies for 147 drug decomposition reactions. 
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observations uf typical E, values like these. A convenient calculationa! method is 
provided by Eq. (6-40), which is easily obtained from the Arrhenius equation. 


ыыы A 
or ral TT ) (640) 





Thus, it is found, for T, = 300 K and 7, = 310 K, that if E, = 10 kcal mol ', 
folky = 1.72; if E, = 15, kdk, = 224, if E, = 20, klky = 2.95: and if E, = 
25, kk, = 3.86. Incidentally, Eq. (6-40) shows why in temperature studies of 
rates the activation energy is always reported, whereas the preexponential factor 
may not be 

The second use of activation parameters is as criteria for mechanistic interpre- 
tation. In this application the activation parameters of a single reaction are, by 
thomeelves. uf tle use; such quantities ceqnire meaning primarily by comparison 
with other values. Thus, the trend of activation parameters in a reaction series may 
be suggestive. For example, many linear correlations have been reported between 
AH and AS? within о ге 
tionship, and its significance is discussed in Chapter 7. In Section 5. we commented 
on the use of AS? to determine the moleculurity of a reaction. Carpenter’? has 
described examples of mechanistic deductions frum acüávativn ра ап ка vf vi panic 
reactions. 














on series; such behavior is called an isokinetic rela 








6.2 THE EFFECT OF PRESSURE 


The dependence of the rate constant on pressure provides another activation pa- 
ameter of mechanistic utility. From thermodynamics we have (AG/4P), = V, where 
Vis the molar volume (partial molar volume ш solutions). We detine the free energy 
«f activation by AG? = G? — ХС. where Gg is the sum of the molar free 
energics of the reactants. Thus, we obtain 


(5), 


у — We 


= Av (641) 


where ДУ? is called tbe activation volume. From transition state theory (Section 
5.2) we can write AG! = — RT In k + constant; therefore, 


(642) 


ok _ av 
ad, RT 


The activation volume can bc positive or negative, and its sign is a valuable piece 
of mechanistic infermstion. Although the measurement of ДУ is not commonly 
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carried out in solution kinetic studies, the necessary equipment is commercielly 
available, and many АУ? values have been reported. Several reviews are avail- 
able 35-57 

AV! is itself pressure dependent, which complicates its measurement. ‘here is 
по theory for the pressure dependence of AV*, so an empirical approach is used. 


Usually Ip 2 ie repreconred ac n quads 





im the presume. 
nk = a bP + cP 


h is conventional 10 mke as "the" activation volume the value of AV! when 
P = 0, namely —bRT. (This is essentially equal to the value at atmos- 
pheric pressure.) Pressure has usually been measured in kilobars (kbar), or 107 
dyn cm“; 1 kbar = 986.92 ntm. The currently prelerred umt is the pascal 
(Pa), which is | N mi^ 1 kbar = 0.1 GPa. Measurements of ДУ? usually 
require pressures in the range 0-10 kbar. The units of АУ? are cubic centi- 
meters per mole, most AV’ values are in the range —30 w +30 an? molt, 
and the typical uncertainty is | cm mot". Rate constant measurements should 
be in pressure-independent units (mole fraction or molality), not melarity.** 

If AV is negative, an increase in pressure will increase the reaction rate, and 
this effect can be exploited to optimize yields in synthetic procedures.” However, 
the goal in met presare stuns hues heen thee 








wasnrement of AV in order fn learn 
something about the reaction mechanism. Glasstone ct al.” showed how a simple 
mode! of the transition state could provide a basis for calculating an estimate of 
AV, which could be compured with un experimental result. Many reactions of 
known mechanisin have been studied, and these have yielded estimates of the effects 
to bc expected from cheracteristic phenomena ** For example, the formation of 
‘one bond contributes about — 10 cm? mot! w Ду", whereas dhe cleavage uf une 
bond adds + 10 cm? mol to ДУ“. Ionization contributes about —20 ст? mol ', 
which might scem inconsistent with the bond cleavage contribution, but is a result 
of strong ion-«olvent interactions, which increase the local density relative to the 
bulk density: this phenomenon is called electrostriction. Usually we anticipate that 
AV, the activation volume, is а smaller (absolute) number than AV, the reaction. 
volume for the overall reaction, although exceptions are known." 

AV! mcasurcments can be helpful in distinguishing between a concerted and а 
two-step process? or between a unimolecular and a bimolecular pathway. Thus, 
AV’ appears to be а useful criterion to distinguish between the unusual Elcb (un- 
imolecular elimination from the conjugate base) ester hydrolysis and the common 
В,.2 ronte 41 А distinction between SíT and 52 mechanisms is not clearcut at 
low to moderate pressures because of the important contribution of the clectro- 
striction effect to ЛИ in the Syl ionization; bul st high pressures the solvent 
compressibility is small, the electrostrietion becomes less important, and the sign 
of AV! becomes diagnostic, being positive for 51 and negative for Sy2 reactions, 
Inthis way it was shown that the solvolysis of isopropyl bromide isan $ы1 reaction. ** 














— 
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6.3 CATALYSIS 


Definitions end Examples 
Definitions uf catalysis take several forms, nor all of them equivalent. 


1. А catalyst is a substance that increases the rate of а reaction without affecting. 
the position of equilibrium. It follows that the rate in the reverse direction must 
be increased by the same factor as that in the forward direction. This is a 
consequence of the principle of mictoscopic reversibility (Section 3.3), which 
applies at equilibrium, and rates ore often studied far from equilibrium. 

2. A catalyst is a substance whose concentration appears in the rate equation го а 
higher power than it does in the stoichiometric equation.” 

э. A catalyst is a substance that incrconer. the rate of a reaction, other than by a 
medium effect, regardless of the ultimate fate of this substance. For example, 

droxide-catalyzed ester hydrolysis the catalyst OH” is consumed by reaction. 
with the product acid; some writers, dherefure, vall this a hydroxide-promoted 
reaction, because the catalyst is not regenerated, although the essential chemical 
event is a catalysis. 

4. A catalyst is а substance that makes available а reaction path with a lower free 
energy of activation than is available in its absence. (The catalyst does not 
“lower АС?”; the uncatalyzed reaction path rernains available.) 











‘Catalysis occurs because the catalyst in some manner increases the probability 
of reaction, This may result from the reactants beim brought closer together [са- 
talysis by approximation," or the propinguity effect], or somchow assisted to 
achieve the necessary relative orientation for reaction. Noncovalent interactions 
may be responsible for the effect. Covalent hend changes may also take place in 
catalysis. In a formal way, the manner in which calalysis occurs enn be described 
by schemes such as Schemes 1 and IL. 


A*X-C 
C+B+M+N+X 


Scheme T 


A+X=C 4M 
с+вәм+х 


Scheme 1 


204 KENNETH A CONNORS 


In cach case the overall reaction is A + B — М + N, the catalyst X being 
regenerated. The rate constant for the reaction between C and D (Scheme 1) or C 
and B (Scheme Ш) must be larger than that between A and В; this is the essence 
of catalysis. 

Several types of catalysis are described by terms denoting, the catalyst structure 


or Function: 


1, Specific acid catalysis is catalysis by the hydronium ion (in water) or the lyonium 
ion in general. Acid cutolyzed ester hydrolysis is an example. 





о тон 
[| ы d 
R—C—OR' t Ht = R-C—OR' 


"он он "un 
| ж» | 1 
R—C—OR’ + WU = R—C—OR’ = R—C—OH + R'UH 
| 


тон, 


"on о 
1 1 


R—C—OH = R—C—OH + HY 


(Note that the reverse reaction is acid-catalyzed ester formation.) The rate equation 
ie 


v = kylS][H*] = КН) 


where S represents the unprotonated ester. Experimentally it is found that ky is 
about 14 Mo's, and because pK, is about —6 to —8 for esters, we calculate 
the rate constant Ай = kik, for the kinetically equivalent form to be 10°10" s". 
2 Specific base caialysis is catalysis by the hydroxide ion (in water) or the lyate 
ion in general. Consider hydroxide-cutalyzed ester hydrolysis: 


o о о 
Il | 1 
R—C—OR’ + ОН =R—C—OR’ > R—C—O + R'OH 
| 


ou 


The second step is essentially irreversible because ol the pK, ul the product acid; 
thus, the catalyst is consumed. If the substrate is ionizable (say HS), a rate term. 
HHSJ[OH-] is kinetically indistinguishable Irom the term А157]. Thus, the mech- 
anistic involvement of a catalytic hydroxide ion is not proved, in such a case, by 
the tate equation 
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3. General acid catalysis is a catalysis by a Brønsted acid (other than the lyonium 
ion) acting by donating a proton. The addition of thiols to the caibonyl group is 
general acid catalyzed." 


H—A OH 
1 | 
КСВ = RCR +A 
> | 
s + SH 
VON. R 
R H tt 
oH 


The product is a hemithioacetal. In the rate-determining step, the general acid HA 
donates a proton то the carbonyl oxygen, thus assisting the nucleophilic attack of 
the thiol on the carbonyl carbon. 

4. General base catalysis is catalysis by а Bránsted base acting by accepting = 
proton. The halogenation of ketones, а reaction discussed in Section 5.3, is general 
bace catalyzed. 








о о 
1 І 
CH,CCH, + В = CH.CCH; + ВН? 
ix 
о 
ї 


CILCCH:X + X 


The Brnsted base B abstracts a proton from the ketone in the rate-delermining 
step. 

5. Elecirophilic catalysis is catalysis by an electrophile (Lewis acid) acting as an 
electron-pair acceptor. For cxample. metal ions catalyze the decarboxylation of 
dimethyloxaloacetic acid.” 


Cutt 


о о с 

TUN а 

о=с C C—Me — O,0—C—C—Me + СО, + Си? 
| | 


ме ме 





Д о 
І 
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6. Nucleophilic caralysis is catalysis by а general base (electron-pair donor) acting 
by donating its electron pair to an atom (usually carbon) other than hydrogen. 
Nuclcophilie catalysis is exemplified by the imidazole-ratalyzed hydrolysis of а 
phenyl acetate, (The tetrahedral intermediates arc not shown.) 


n o 


Ih LOA 
cne Don — сіс - i 


2 Г==1 
( y | "o 

V cnu.coon 

н 





N+ HOA 


s 
N 


( 


This catalysis follows Scheme II; rhat catalysis occurs means that N-acetylimidazole 
is more susceptible in hydrolysis than is the ester. (This does not explain why the 
Nacetylimidazole ix formed, however) 





We should distinguish between the phrases nucleophilic attack and nucleophilic 
tutulysis. Nuclcophilic attack means the bond-forming approach by an cleetron pair 
of the nucleophile to an electron-deficient site on the substrate. In nucleophilic 
catalysis this results in an increase in the rate of reaction relative to the rate in the 
absence cf the catalyst. Llowewcr, nucleophilic amack may nor result in catalysis. 
Thus, if methylamine is reacted with a phenyl acetate, the reaction observed is 
amide formation, not hydrolysis, because the product of the nucleophilic attack is 
morc stable than is the ester to hydrolysis 


o o 
1 1 
CH,C—OAr-- CH,NH, — Cll,C—NHCH; + НОАг 


"The rate equation for this reaction is expected to be v = £[RCOOR"IIMeNE;], but 
it і possible for terms like K'IRCOOR'[MeNIE ог K'IRCOOR'I 
IMeNH. [McNH, * to be present. The 2 term could he а generid huse catalysis 
ог nucleuphilic attack, the 2" term, general acid catalysis of nucicophilic attack. 

Yet another distinction is between intermolecular catalysis, in which thc catalytic 
function and the reaction site ore on different molecules, und intramolecular ca 
1alysis, in which the catalytic function and the reaction site are within the same 
molecule, All of the above examples constitute intermolecular catalyses. The fol- 
lowing ceaction, the hydrolysis of a mumvinalvate ester, is an intramolecular nu- 
cleuphilic catalysis. ^ 
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As with intermolecular catalysis, фе form of the rate equation may not decisively 
indicate the mechanism оГ the catalysi» because of kinetic equivalences. Consider 
а substrate containing the асу! function -COX and an ionizable catalytic function 
-Yil 





ұн 
Three kinetically equivalent rate terms involving intramolecular participation are 


shown in Table 6-3 with representations uf appropriate transition states (mecha- 
nisms). Differentiation among these possibilities can be difficult. 


‘Tams 63. Kinctically Equivalent Intramoiccular Catalysis Mechanisms 








Mechanism Rate terr form 
Toamoieculr general base TAnton]Boot 
„№ 
( ^ Intramolecular moclecphilic [ation] 
} 
Intamclceuhe gerens aest- Айн 
intermeleculsr nuclewphilie 
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Books by Bruicc and Benkovie, Jencks,” and Bender” are rich sources of 
examples of catalytic processes and their mechanisms. 





Determination of Catalytic Rate Constants 


‘Much ot the study of kinefics constitutes a study ol catalysis. Fhe hrst goal is the 
determination of the rate equation, and examples have been given in Chapters 2 
and 3, particularly Section 3.3, “Model Bui 7 The subsection following this 
опе describes the dependence of rates on pH, and most of this dependence сап be 
ascribed to acid-base catalysis. Пете we treat a very simple but widely applicable 
method for the detection and measurement of general acid base or nucleophilic 
catalysis. We consider aqueous solutions where the pH and pK; concepts are well 
understood, but similar methods can be applied in nonaqueous media. 

Anelfective experimental design іх tn mensure the pours бт аге rate ronstant 
k at constant рН and ionic strength as a function of total buffer concentration 2. 
Very often the buffer substance is the catalyst. Let B represent the conjugate base 
form of the buffer. Because pH is constant, the ratio [ЕДЕН] is constant, and 
the concentrations of both species increase directly with B, where B, = [B] + 
Ів"). 

The simplest rare equation (model) то be tested is 





к= EIU] + k + БОН] + SIBI + KBE] (643) 
where the rate terms have these probable meanings: 
k, Specific acid catalysis. 
J Uneatalyzed ¢*water,” “spontaneous”) reaction. 
ka Specific base catalysis. 
А, General base or nucleophilic catalysis. 
k. General acid catalysis. 


At any fixed pH the quantity Ko, given by Eq. (6-44), is a constant, which can be 
determined in the absence of B. 


ko = WIHT] + k + ОН] (6-44) 


Let us define fractions by 








K+ IH") (6500 
ш. 


EXT cen 
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where Ka is the acid dissociation constant of BH ' . Combining these relationships 
gives 


k = ko + (Р + kFon)B, (6-46) 


showing that & is a lincar function of total buffer concentration at constant pH if 
Eq. (6-43) is valid. Since Fy + Fyy = 1, we also get 





tO A ға (647) 





Thus, a plot of (k — koVB, against Fp should bc lincar; the intercept at Fy = 0 is 
ky, and the intercept at Fu = | is hy. Note that the quantity (k — БУЛ. is an 
apparent second-order rate constant. sore authors use the symbol k} or Kar for this 
quantity. Observe also that ko has a different value at cach pH. 

Figure 6-4 is s plot according to Fy. (6-46) for the hydrolysis of rrans-cinnamic 
anhydride in the presence of carbonate butters. The nonzero slopes indicate the 
existence of buffer catalysis, and the increasing slope value with increasing pH 
shows that kp must be larger than ka. Prom the intercepts ky is obtained at cacli pll, 
and the plot according to Eq. (6-47) is shown in Fig. 6-5. This plot shows that k, 
is negligible. With this information, Eq. (6-46) can be simplified to 





k — ko + ЫВ] (6-48) 
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so that a plot of k against the conjugate bise concentration yields ky as the slope: 
this plot is shown in Fig. 6-6, where it is seen that the slopes are essentially the 
same at the three pH values. 

Positive curvature in а plot of & against A, (at constant pH) indicates the presence 
of a rate term with an order higher than unity with respect to B,. Negative curvature 
can be caused by complex formation between reactants.>! 
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Distinction between Generel Base and Nuclecphilic Catalysis 


‘The rate constant k. determined by means of Eq. (6-47) or (6-48), may describe 
either general base or nucleophilic catalysis. To distinguish between these possi- 
bilities requires additional information. For example, in Section 3.3, we described 
a kinetic model for the Aumethylimidazalecatilyzed acetylation nf alcohols and 
experimental designs for the measurement of catalytic rate constants. These are 
summarized in Scheme XVIII of Scction 3.3, which we present here in slightly 
different form. 


4, [ROH] 
Kan [N] [ROM] 


АХ — — —5 AOR + HX 
AX ON SOFA 


4i IROH] 
һы [N] [ROH] 


{+ — —— aor + МН! 


Scheme III 


In Scheme Ш, AX is the acetylating agent, N is N-methylimidazole, and I* is an 
intermediate formed by the reaction of N with AX; the cxtra picce of information 
in this case was the spectrophotometric detection of 1* °? We can describe the rate 
constants, in this way: 


ka Uncatalyzed reaction. 
Fan General base catalysis, 
h — Nuckopilic catalysis. 


Fe, General base catalysis of nucleophilic catalysis. 


The detection of an intermediate is not the only kind of information that can 
assist in determining the mechanism of the reaction. Other methods for discrimi- 
nating between general base and nucleophilic reactions aro kinetic in nature "Ihe 
ratio of catalytic mte constants for a substrate with zole and with monohy- 
drogen phosphate is an indicator of mechanism, because these two reagents have 
about tlic same basicity. If they both operate by а general buse mcchunism, the rate 
ratio should therefore he about unity. If, on the other hand, they both operate by 
nucleophilic attack (or if imidazole does), the rate of imidazole catalysis will be 
much larger than thet of phosphate catalysis, because inidazule is a much Letter 
nucleophile. The hydroxidc/imidzzole ratio tells if the imidazole reaction is general 
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‘Tate 6-4. мешал for Differam 





ing between General Base and Nuclophilic Catalysis 





Method Criterion Example Reference 
Product analysis 





Product identity or 
Чеши, attributable 
only to reaction via 


1" O]Acetate-catalyzeid a6 
hydrolysis of 2,4- 
initophenyl benzoate 


ive "ОА асі 





nucleophilic attack 
‘Trapping of intermediate Product identity ‘Acetanlid formation in вт 
anributshle only to acetate-catalyzed 


diversion of intermediate hydrolysis of aryl 
by reaction with add acetates in presence of 


trapping nucleophile aniline 
Fiysicsl detection oF ‘Change or physical Spectrophotoietic в 
imermediate property during reaction observation of 

‘attributable to acctylpyridinium ion in 








intermediate farmeri y пушена саа 
nuckevphilic ack hydrolysis of acetic 
anhyäride 
Demonstration of Inhibitien of catalysis by ition of nucleophilic ю 
reversible ruckuphilic added product of ponent of acetate- 
reaction reaction catalyzed 
acetylimidazole. 
һуй ум by added. 
imidazole 
Solvent D0 kinetic айр > 2 for general Ыы = 3.1 for EI 
isotopic effect hase. 0.5-1.9 for imidazote-catalvzed 
mucicopilic catalysis hydrolysis of ethyl 
usually! tif uoretbiolacctate 
Relative reactivity of Ahindered)) 2,6-Lutidine is much СД 
MükralanlUmindered — Hunhincered sane Jess песме Шап 
bases rder for bases of same pyridine in catalysis of 
pK, if general base acetic anhydride 
чуч, but this ratio кудум 
very small for 
nucleophilic catalysis 
Relative reactivity of MümidazdeyHHPOI)s Tins ratio is 025 for 92 





imidazole аш! ‘order of unity for аһу acetate hydrolysis 
monohvroren ранка] kese catalysis, sd 47 у 10 fore. 
phosphate but about 10° tor rirophenyl acetate 

тосор! catalysis пушчу 
Relative reactivity c Adhydroxidey This ratio is 9.1 x 10" 92 
һуйокйс and imidazole Minidazle) is IC-10* for ethyl acetate 


for general base, but W hydrolysis and 160 for 
10° for ruclcophilic рйгорбету! acetate 
catalysis hydrolysis 








base or nucleophilic, becauce hydronide utlucks us а nucleophile. Because imidazole 
is а better nucleophile than it is a base, the ratio will be high for a general base 
and low for a nucleophilic reaction. In Table 6-4 sevcral criteria are described, with 
сана drawn from acyl-transfer reactions. Johnson? has given many more cx- 
amples. 
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64 pH EFFECTS 


Preliminaries 


That the rates of meny reactions are markedly dependent upon the acidity or al- 
kalinity of the reaction medium has been known for many decades. In this section, 
the kinetic analysis of reactions in dilute aqucous solution in which pH is the 
accessible measure of acidity is presented in sufficient detail to allow the experi- 
mentalist to interpret data for most of the systems likely to be encountered and to 
entend the treatment to cases not covered here. This section is based on an carlicr 
эп 22- FP. 76-97 Ty. problem has also heen analyzed hy Van der Houwen et 





Throughout this section the hycronium ion and hydroxide ion concentrations 
oppeur in rute equations. For convenience these arc written ШТ and [ОП 1. Usu- 
ally, of course, these quantities have been estimated from a measured pH, so they 
are conventional activities rather than concentrations. However, our present concern 
is with the formal analysis of rate equations, and we can conveniently assume that 
activity coefficients are unity or are at least constant. The basic experimental in- 
formation is k, the pscudo-first-ordcr rate constant, as a function of pII. Within a 
senes of such measurements the ionic strength should be held constant. If the pH 
is maintained constant with а buffer, А should be measured at more than one buler 
concentration (but at constant pH) to sce if the buffer affects the rate. If such a 
dependence is observed, the rate constant should he measured at several buffer 
concentrations and extrapolated to zero buffer to give the correct k for that pH. 

Except for those reactions whose characteristic rate constants vary linearly with 
the hydronium or hydroxide ion concentration, the most effective presentation of 
РН-табс data is a graphical onc. Two kinds of plot (pH -rate profiles) are commonly 





1. The observed rate constant is plotted on the vertical axis against рН on the 
horizontal axis. This plot is particularly suited fur the estimation of dissociation 
constants, 

2. The logarithm of the rate constant is plotted agzinst pH. This plot has two 
advantages—the order with respect to 11' or ОП is readily apparent from linear 
portions of the curve, and a great range of values of the rate constant сип be 
exhibited on one graph. 


The initial goal of thc kinctic analysis is to express k as a function of [H*1, pH- 
independent rate constants, and appropriate acid- base dissociation constants. Then 
numerical estimates of these constants are obtained. The theoretical pH—rate profile 
con now bc calculated and compared with the experimental curve. А quantitative 
agreement indicates that the proposed rate equation is consistent with experiment. 
Iris advisable to use other information (such as independently measured dissociation 
constants) to support the kinetic analysis. 

The manner of the analysis is to locate characteristic features of the pll-rate 
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curve— linear segments, maxima, minima, ard inflection points—and to relate the 
valuc of pl] at which they occur to the parameters of the (assumed) rute equation. 
Because many rate equations are quite complicated. the only feasible differentiation 
is with respect to [H " ]. yielding the derivative ФН * |. This, however, docs not 
correspond to the slope of either of the plots employed in kinetic graphing and must 
he converted “The appropriate conversion варна, whirh ara obtained from the 


basic relations d In = du/u and In u = 2.303 log u, are 














ак n 
apo PRA (6-49) 
LET odes 6-50 
кап рс, 
озун — LE 

HB SLUT e 

Е «4, ^ log. 
EET LAM TD) (652) 





One useful fact demonstrated by these formulas is that the lecation of maxima and 
minima is unaffected by the type of plot, so the derivative di/dlL1' ] can be used 
in locating these features. 

Throughout this section attention is restricted to rate equations that include con- 
centrations of only the substrate. H' . and ОН. The observed first-order rate 
Constant, therefore, contains concentrations of only H* and OH: (the quantity [OH | 
is often replaced by Ky/(H*)). The substrate (reactant) may be ionizable. Rate 
equations containing the concentration of additional solutes (especially catalytic 
additives) can be developed as shown in Section 6.3. 








Curves without Inflection Points 


Jf a pH-rate curve docs not exhibit an inflection, then very probably the substrate 
does not undergo an ionization in this pH range. The kinds of substrates that often 
Jead to such simple curves are nonionizable compounds subject to hydrolysis, such 
as esters and amides. Reactions other than hydrolysis may be characterized by 
similar behavior if catalyzed by H* or ОН”. The gencral rate equation is 


v = kpH [S] + KIS] + КОН TS) 10-55) 


although sometimes a rate equation may contain terms in, say, both the first order 
and second order in some catalytic species. S represents the substrate. The exper- 
imental first-order rate constant, determined at cssentially constant pH, is defined 
by v — AISI, therefore, 
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к= KIHH + k + КОН" 16-34) 





Plots of k or log & against pH for this equation yield a so-called U graph or a V 
graph. The analysis of this curve will provide estimates of А, ks, k, л, and m. 

We introduce an approximation that is subsequently used many times, and that 
is indispensable. This is to consider only a portion of the curve and to neglect thase 
terms describing the rest of the curve. It is necessary to exercise some chemical 
discretion in applying such approximations. The relative values of the rate constants 
and concentrations determine the approximations that can be safely made, and the 
level of uncertainty that one may be willing to introduce in this way is gauged by 
à consideration of the experimental error in the raw data. Consider, in the present 
case, the very acid region ([H*] is large, pH is low). Then in most cases Eq 
(6-52) reduces to (6-55) since [ОН] = К„ЛН*} 





а= минг 1633) 
Taking logarithms, 
log k = log ky — npll (6-56) 


Thus in the low pH region a plot of log 4 against pH should give a straight line. 
with slope equal to — л, yielding the order with respect te hydronium ion. Usually 
n=l 

Similar reasoning shows that in regions of high basicity a plot of log А against 
pH will be lincar with slope +m. Usually in a log X-plI plot a positive constant 
slope indicates dependence upon hydroxide ion, «nd a negative constant slope shemus, 
dependence upon the hydronium ion. This is one of the conveniences of the log 
K-pl1 plot. If k is not negligible relative to the other terms, evidently a straight 
linc will not be obtained; however, at very low er very high pH this would be u 
most unusual circurustance. An example of the kind of graph described is shown 
in Fig. 6-7, in which log К is plotted against pH for the alkaline hydrolysis of ethyl 
p-ritrobenvome.** The slope of the line is + 1.410; hence the reaction is firs-order 
in hydroxide ion. 

The pH at which the minimum occurs in a plot of Eq. (6-54) is calculated for 
the most common case, n = m = 1. The derivaliveol Н? | = k, — АКДН” 
is set equal to zero, giving 








PH min = рК. ++ tog (6-57) 


If ky = ks, plius = 1/2 py. This is an unusual condition; it has been observed” 
in the hydrolysis of acetemide at 100°C. Since pK, = 12.32 at 100°C, the minimum 
rate in this reuction occurs at pH 6.16. Гог ester hydrolyses, ks is usually greater 
than А, and the minimum is observed near pH 5—6 (at room temperature). Equation. 
(6-57) is used in the construction of a calculated pH-rate profile, when it allows 
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Figure 6-7. Log рН plot for Ihc alkaline hydrolysis of ethyl p-nitrobenzost 


йк: position of the minimum w be easily locares. This equation evidently ylclds 
the pH at which the reaction rate is minima. and so it is useful in selecting the pH. 
at which the substrate is most stable. 

Lhe constant ку is readily calculated Irom data at low pH, where Eq. (6-95) 
holds, because n is now known. Similarly ks can be calculated from data at high 
pH. 
If ky is sufficiently large that it cannot be neglected (which will be revealed by 
the inconstancy of the “constant” calculated as above), then Eq. (6-54) may be put 
into the forms 








k= ky + MM Y" (atlow pH) (6-58) 
k= ky + KON] — (at high pH) (6-59) 


А plot of А against [H^ ]" at low pH should give a suaight line wilh intercept Аз 
and slope fi; at high pH the plot of k against [OH |" similarly permits the evaluation 
of ka and ks. 

Figure 6-8 is a plI-rate profile tor the hydrolysis of p-nitrophenyl acetate. ‘he 
slopes of the straight-line portions are — 1, 0, and +1, reading in the acid to base 
direction, and this system can be described by 


k= E] 1 ke 1 АО (6-60) 
‘The constants Ё and kz were cvaluated from the measurements at low and high pH 


as described earlier, and K was calculated from the measurement at pH 4.65 after 
taking into account any significant contribution from the k, and ks terms. The smooth 
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pH 


Figure 6-8. pH rate proie for the hydrolysis ot p-nitrophenyl acetate at 25°C in aqpenus solution 
containing 1% моей. lonic strength = 0.1 M except at pH Q. 


curve in Fig. 6-8 was culculated with Eq. (6-60) and the estimated rate constants, 
which have these values, А, — 3.24 х 10? Mt s'; ky = 5.5 x I0? s; ky = 
12.6 M^! ^. (The reaction described by the A» term is variously called the water, 
uncatclyzed, or spomancous reaction, and some authors write h = k, [IO], 
expressing |H.U] as the molar concentration in calculating 62.) 

If a substrate contains an ionizable group that dissociates in the pH range being 
kinetically studied, one may expect a change in direction in the pH-rate curve in 
that pH region corresponding to the ionization of the substrate; this is because the 
conjugate acid and base forms are unlikely to undergo reaction at the same velocity- 
Such an identity of rates has apparently been observed, however, in the hydrolysis 
of nicotinamide.” The pH-rate curve is essentially Y shaped with no inflection 
corresponding to the ionization of the substrate. 





Sigmoid Curves 


An inflection point in a pll-iatc profile suggests a change in the mature of the 
reaction caused by a change in the pH of the medium. The usual reason for this 
behavior is an acid base equilibrium of a reactant, Here we consider the simplest 
such system, in which the substrate is a monobasic acid (or monosciuie basc). 10 
is pertinent to consider the mathematical nature of the acid-base equilibrium. Let 
HS represent а weak acid. (Ihe charge type is irrelevant.) The acid dissociation 
constant, К, = [II* 15 [EIS]. is taken to be appropriate tn the conditions (tem- 
perature, ionic strength, solvent) of the kinetic experiments. The fractions of solute 
in the conjugate acid and base forms are given by 


gus) 


‘ys = 


s 
I5: 
5, 
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where S, the total molar concentration of solute, is 
S, = [HS] + [51 


Combining these equations, 


(6-61) 





Ka 


Fs 





Ш + к. ipn 
Figure 6-9 shows К and Fs plotted against pH, according to Eqs. (6-61) and (6- 
62), for a weak acid of pk, = 4.0. Because of their appearance such curves are 
called S-shaped or sigmoid curves. 

These curves have some interesting properties. At any given pH, evidently 
Fin + Fe = 1. At the point where the two curves cross. Fre = Fe = O S, and 
frorn Eqs. (6-61) and (6-62), at this point [H'] = K, or pH = 
point corresponds to the infiection point can be shown by taking the second derivative 
ИРИ? and setting this equal to zero: one finde рН — pKa. In the limit us 
[H*] becomes much greater than Ka. Fus approaches unity and Fs approaches zero 











Figure 6-9. Varistion with pH of the fractions Fus (c: sate жиш) and Fs (conjugate base) for an 
acid with рК. — 4.0. о DEN {А 
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(although theoretically they never attain these limiting values). Similarly. as (H1 
becomes much less than Ku, Fns approaches zero and Fs approaches unity 

Now suppose that the substrate of a chemical reaction is a weak acid, with both 
the conjugate acid 15 and conjugate base 5 being capable of undergoing reaction 
Usually these two species will react at different rates because of the considerable 
Hillerence in their electronic configurations. The rate equation for this system is 


v = КН] + KISI (6-63) 
Combining this with the preceding equations, 


= HOW] + кд), 
: -( HUE Pn 


Because the experimental rale equation is > = К, we Drst-ordcr rue consum К 
becomes 


мни ик 


к 
ІН + Ka 


(6-64) 


which relates Ё to the substrate dissociation constant, the hydronium ion concen- 
tration. and the pH-independent rate constants characteristic of the reactions of the 
two forms of the substrate, 

If X is much larger than Д", Eq, (6-64) takes the form of Eq. (6-61) for the 
fraction Figs; thus we may expect the experimental rate constant to be a sigmoid 
function cf pH. If А" is larger than k’, the -pH plot should resemble the Fs-pH 
plot. Equation (6-64) is а very important relationship for the description of pH 
eflects on reaction rates. Most sigmoid pH-rate profiles сап be quantitatively ac- 
counted for with its use. Relatively minor modifications [such as the addition of 
Tate terms first-order in H^ or OH- to Eq. (6-63)| can often extend the description. 
over the entire pH range 

We consider first the k-pH plot corresponding to Ey, (6-64). Figure 6-10 is such 
a plot calculated with Eq. (6-64) and the typical values pK, = 40, &' = 
1.10527, and А” — 1 x 1075 s !. Note that this plot is similar to the Fe-pll plot. 
in Fig. 6-9. Differentiating Fy. (6-64) to lind düd]H ^] and using the identity 
‘equation (6-49) gives the first derivative of the ApH plot. The second derivative 
is found with the aid of Eq. (6-51). Imposing the condition A^ + А” and setting 
the second derivative equal to vero leds to a simple expression for the pH at the 
inflection point. 


ТН = pK, (6-65) 


This property of the sigmoid curve permits K, to be easily estimated. This is an 
advantage of the k-pH plot. If the inflection point cannot be accurately located, 
the dissociation constant may still be estimated. Let [H"] = К, in Fy. (6-64); then 
Fa, (6-66) results 
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10%k 











УЫ Figure 610, Plot of Eq. (6-64) with 
pK, = 40,8 = 1 x 1S = 
pH xaet 


‚ке 
2 








(6-66) 


That is, pK, = pH at the point where Eq. (6-66) holds. Because the larger of the 
two хлап» is usually much greater than the smaller one, this often шау be 
interpreted that pK, = pH when k — kmo/2 (see Fig. 6-10). Graphical methods 
for estimating K, by using all of the kinetic data are considered later. 

The log &-pH plot can display а large range in values on the vertical axis, The 
properties of this curve are different from those of the &-pH plot. Figure 6-11 is a 
plot of log К against pH for the same system graphed in Fig. 6-10. The first derivative 
is found with the help of Ec. (6-50) and the second derivative is obtained from this 
and Eq. (6-52). If the special case A” = 4" is excluded, this leads to 











K 
PHinn = pK, 108 к (6-67) 
This dependence of рНыл on the rate constants as well ах the dissociation constant 
has sometimes been overlooked by authors evaluating log ApH curves, and the 
literature contains caaniples uf such plots that have been erroncously uscd to estimate 
PK. 
It was shown above that, for the k-pH plot, pK, = pH when & = &,,2. In 
teams of the log «pH plot, this means thet PA, — pH when log k = logs, — 0.30. 
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Figure 6.11. Lop I-pH plot of Ey 6-68) with pK, = 4.0.8 = 1 Ms = 1 x 107 54 


Figure 6-11 shows the relationship expressed by this statement. An alternate method 
is developed from Eg. (6-64); in the special case that £^ 2» К, this becomes 
k = KK DK). Taking logarithms and imposing the condition 1+] > К. 


log k = pH + bg" — pK, 


Thus, under these conditions, the log k-pH plot is linear with slope + 1. The 
extension of this segment of the plot is shown as c4 in Fig, 6-11. When log 
k = log", pH = pă; that is, the pH at which cd and a-b intersect is numerically 
equal to the pKa. A similar treatment can be given for the case ^ 3« V^. 

The dissociation constant is most accurately estimated from Kinetic data when 
all of the data points are used in the evaluation. There are several ways to do this 
The Hendeason—Hasselbalch equation 


(6-68) 





pK, can be calculated with Eq. (6-68) at cach of the experimental pH's in the rising 
punilion of the sigmoid curve; values of 4! and А" can be estimated from the extreme 
low and high pH regions. Alternatively the third term can be plotted against рН; 
pK, = pH at the point where the logarithmic term equals zero. * 39 The slope 
of this plot should be unity. 
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In suitable circumstances the parameters of Eq. (6-64) may be evaluated by 
means of linear graphical methods. Consider the case in which АТН!) >К. 
‘Then Eq. (6-64) becomes 


KI] 


BETA 60) 


Equation (6-69) is of the forma = y/(a + by), withz = 
and b = 1. Three corresponding, Fear equations are 





У = TH La = КУУ, 





A plot of Lk against ИН”) should te linear, from the slope and intercept К. and 
K can be evaluates, 


Rok 
p к, Ko 


ІН 1 is plotted against k 





wet 


iH] _[н'] к, 
p k 
IH" / is plotted against [Н] 

When КА, > КЫ ' J, three linear equations. suitable lor evaluating k” and K., 
сап be written as shown for the first case. 

The kinetic analysis of the sigmoid pH-rate profile will yield numerical estimates 
of the pH-independent parameters Ka, А", and К". With these estimates the apparent 
constant Ё is calculated using the theoretical cquation over the pH range that was 
explored experimentally. Quantitative agreement between the calculated linc and 
the experimental points indicates that the model is a good one. A further easy, and 
very pertinent, tst is a comparison of the Kinctically determined K, value with the 
value obtained by conventional methods under the same conditions. 

‘Many sigmoid rate curves have been reported. A typical example is provided by 
the hydrolysis of plithalarme acid." 











2 ео 22 “соон 


+ н у | + Mh 
Se coon, 


AVA Я SS фана; г, 


This compound undergoes hydrolysis of the amide group intrsmolccularly catalyzed 
hy the neighboring carboxylic acid group. The rate equation, in the pH runge 1 
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Figure 6-12. (A) pH-rate profiles plotted at K- pl and (Ву log b-pH for the hydrolysis of phihslami 
and 


5, is given by Eq. (6-63) with 4" essentially equal to zero; thus Eq. (6-69) describes 
the pH-rate curve. The kinetic results arc shown zs the &-pH plot (Fig. 6-124) and 
as the log K-pH plot (Fig. 6-128). Application of the simple methods described 
carlier gives рК, = 3.6 and ki = 2.35 x 104s. 


22 “осоп Ё он 
| + но —> | + RCOOH 
^— СООН, COOH 

NE Ў ур (6-70) 





The hydrolysis of aspirin [Eq. (6-70), R = CHa} is а classic example deman- 
suating а sigumid pll-rate effect 5° Figure 6 13 shows this curve for trimethyl- 
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Кеше 6-13. pH-mte profile for the hydrolysis of trimethylacctyisali 
wirolysi salicylic acad 
solution containing 0.5% ethanol) (60) o EXE d 


acetylsalicylic acid [Eq. (6-70), R = СОСН). The extreme left-hand 

31. H ment 
of the curve has a slope of — 1 and the extreme right-hand slope is +1, « аа 
first-order rate terms in (Н '] and [OH], respectively. The intermediate portion is 
sigmoid. Writing the substrate as HS. the rate equation immediacel y 
Fig. 6-13 is. therefore, B ias 


v = K[HSIH7 ] + Күн] + KIS] + &"ISTIOH ] (6-71) 


The pll-independent "plotcau" from about pH 5 to 9 represents reaction of the 
acylsalicylate anion. It is ubvious from the plI-rate profile that k” is much larger 
than К. The theoretical equation for k, the observed first-order rate constant, is 
derived in the usual way from Eq, (6-71). ` 


„Жир + ДНТ + EK, + ао 
Шрек, i 


k т) 


4° is evaluated from k valucs at very low pH, when the other terms become neg- 
ligible, and 4”, from the data at very high pH. From the plateau region, 4" can be 
estimated, because in this range only the К^ term is important The value of £^ can 
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then be estimated trom data in the pH 2-3 range, where the A", 4’, and &* terms 
may all contribute to k, by making appropriate corrections with the known constants 
J£, k", wid Ka. The same type of plI-ratc profile is shown in the iodination of o- 
isobutyryIbenzoic acid.” 


Boll Shaped Curves 


A frequently encountered pH-rate profile exhibits a bell-like shape or “hump,” with 
two inflection points. This graphical feature is essentially two sigmoid curves back 
to-back. By analogy with the carlier analysis of the sigmoid pH-rate curve, where 
the shape was ascribed to an acid-base equilibrium of the substrate, we find that 
the bell-shaped curve can usually be accounted for In terms of two acid-base 
dissociations of the substrate. The substrate can be regarded, for this analysis, as 
a dibasic acid ILS. where the charge type is irrelevant; we take the neutral molecule 
эз an example. The acid dissociation constants arc 





_ In* Jus] 
THS] 


S 
= TAs 





‘The fractions of solute in cach form are given by Fms = (НУУ, Fus = ISTIS, 
and Fs = [S^]/$, where S, the total molar concentration of substrate is 
19,51 + [HS-1 + 18241. Combining these leads to expressions for the fractions of 
solute as functions of the dissociation constants and the hydronium ion concentra- 


tion. 











mr 
Fas = oa — (673) 
"$^ ун + Кун) + Kio e» 
КШ 
a — 6-7: 
IETF F KIH J + Ks 0) 
Fs EC (6-75) 


"WP + KM] + KK 


Figure 6-14 shows Frys, Fus, ond Fs plotted spainst pH for an acid with pK, = 
5.0 and pK; = 100. Evidently with such widely spaced dissociation constants the 





solution contains, at any one pll, significant fractions of only two species. The 
fraction of monoanion rises essentially to unity at one point. The pH st which the 
monoanion fraction achieves its maximum value is calculated by diflerentiating Eq. 
(6-74) and setting the result equal to zero; Ши gives 


PH = $ (PK, + pK.) (676) 
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Figure 6-14. Distribution of acid-base species for an acid with pK, — 5-0апарк› = 10. 


The intersection of the curves Ен, and Fas occurs at pH = pk, as can be found 
by маши Б. (6-73) and (5-74) equal. Also, when s = fs pH — pKa. These 
are general relationships. We note, at this point, that the function Fus has the 
previously mentioned bell shape, and it is this function that will be of later kinetic 
interest 

In order to find the inflection points in a plot of Ру against pH, the sccond 
derivative d'FyydplF is set to zero. The result is a quartic in [H* |, which is not 
reproduced. When X, is much larger than K» (by at least three orders of magnitude), 
the location of the inflection points becomes particularly simple, Then st low pH, 
in the region of the 1с inflection point. [H*] is much greater than the 
(K^, and 





РИЙ = pK, 


Similarly, when (K,K;)'? > [H* ], the location of the right inflection point is given 
by 


РНТ" — pK; 


‘These simple results will nct he applicable if pK, arid pK, ure Fairly close. Figure 
6-19 is a plot of the species distribution for a hypothetical dibasic acid with pK, = 7.0 
and pK; — 8.0. ‘he inllection points on the Р curve do not coincide with the 
PACs of the acid. It is also important to notice that Р never reaches unity ard that 
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Within the approximate pH range 6 to 8, appreciable fractions of all three founs 
exist. 

Now suppose that only the monoanionic form of the dibasic acid H:S undergoes 
reaction ard that neither the hydronium nor the hydroxide ion is directly involved. 
The kinetic scheme is, therefore, 


HS- — products (77) 


and the rate equation is v = k’[HS]. The concentration of monoanion is given by 
Fay, and the experimental rate equation, at constant pH, is v = KS. These lead 
to 


KK H*] 


TEE TTE (6-78) 
(HYP + КШ] + КК, (629 





Equation (6-78) has the same form as Eq. (6-74) for Fus, so the simple scheme 
embodied in Eq. (6-77) can account for a bell-shaped curve when kis plotted against 
pH. 

The observed kinetics are seldom as simple as this. Usually one or both of the 
other forms of the substrate also undergo reaction, with the usual reactions heing 








Figure Distribution of acid-base species for an acid wilh pK, = 7.0 and рка = 60. 
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hydioniuiu ion catalysis of Hz5 and hydroxide топ catalysis of S*. The kinetic 
scheme is then 


HoS 1 H' — products 
HS ^ products 


S? + Оц 5 products 
Scheme IV 
and the rate equation is 
v = Кїнїн] + K'IHS] + £I? OH] (69) 


This leads, ufier the изиш! development, to Eg. (6-60) for the pecudu-fist-vider 
rate constant k. 


EH IH] RAVER] 
[H+ + КИНУ + К.К 





(5-80) 


DEBES = 


10r 


Okse 
e 
o 








Figure 616, Theoretical i-pH plot according to Eq. (6-80) for а substiate with pKa = 30, pls = 
60.0 = 1x I? M' cA — Ex 5*1 x 10 MI e 
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Figure G17. ‘Theoretical log k-pH plot for the substrate described in Fig, 6-16. 


The analysis of a -pH curve in lerms of Eq. (6-80) is treated Бу making approx- 
mations that are equivalent to ignoring some of the rate terms in certain pH regions. 
А common type of syster is analyzed аз an example, ie appryacds cau Le шалі былі 
to suit а particular demand. The evaluation of &? and К” can nearly always be 
accomplished from rate data at very low and high pH, respectively. We are con- 
cerned with K’, Ку, and Kp. Figures 6-16 and 6-17 are k-pH and log K-pH plots 
for a hypothetical system describes! by Eq. (6-80). The analysis assumes this equs- 
tion and these types of parameters. 

Often А" is smaller than A" because attack on the dianion by hydroxide is dis- 
favored. Moreover, te maximum often occurs on the acid side of neutrality. In 
the pH region near the maximum it will. therefore. often be permissible to set 
K" = Qin Eq. (6-80). The result is differentiates! and the derivative is set equal to 
zero, giving, for the kydronium ion concentration at the maximum in the bell, 








TH* Ban = 
where quartie and cubic terms in [H^ ] have been neglected. 
К > УЮК, this becomes 
PHs = КРК, + pK) (RI) 


‘The value of the observed rate constant at the maximum is found by substituting 
[H^ Ima = СКК)" into Eq. (6-78), giving the approximate result 
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k 


d + (Ку (82) 


kaa = 





10)" 


which may be useful in estimating Р. 

The placement of the minimum that occurs to the left of the maximum will not 
be affected by the К” term, and it will usually be permissible to neglect the <eeand 
dissociation of the substrate. Thus, Eq. (6-80) simplifies to 





PIHE a ek. 
IH*] + K, 


Setting the fist derivative to zero gives Eq. (6-83) for the hycronium 10р concen- 


tration at the left-hand minimum. 
"EC 
[C we) T | (6-83) 


The left-hand inflection point is obtained by neglecting Ку terms. The derivative 
Амарн? is sct equal to zero. As a very approximate solution, higher-order terms 
are neglected, 


Іне 





к, 
АКК, + К 





ice 





ог, іп even more approximate form, рН  pK,. In many cases, however, the 
location of the left-hand inflection point in the A-pH plot will not be given by these 
relationships. 

In the region of the right-hand inflection point both the & and К^ terms can often 
be neglected. The second derivative рН? is then set to zero. As a first ap- 
proximation all terms higher than the linear one are neglected: 


РНЕ" = pK; 


Very often this will give а good extimute of Kz; Ку can then be found with Eq. (6- 
8р). 

When estimates of 4°, k', E^, Ki, апа K, have been obtained, a calculated pH- 
тис curve is developed with Eq. (0-80). If the experimental points follow closely 
the calculated curve, it may be concluded that the data are consistent with the 
assumed rate equation. The constants may be considered adjustable parameters that 
аге medificd to achieve the best possible liL, and one approach is to use these initial 
Parameter estimates in an iterative nonlinear regression program. The dissnciation 
constants K, and К, derived from kinetic data should be in reasonable agreement 
wath the dissociation constants obtained (under the same experimental conditions) 








(6-79), upon which this analysis has been based, may be found 
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Figure 618, pH-rate profile for the hydrolysis of monoethyl ауторе phosphate in aqueous solution 
a 10.1" 





inadequate to account in full for the data. Obvious alterations arc the addition of 
the rate lerms k [E55] and К[5° 1. These wri added w thuse of Eq. (6-79) include 
all of the possibilities (other than terms containing concentrations to orders other 
than unity); any other term involving these species would be kinctically equivalent 
to one of these five terms, as we saw in Section 3.3. 

Figure 6-18 shows a bell-shaped pH-rate profile for the hydrolysis of moromethy! 
dihydrogen phosphate.“ Other examples arc the hydrolysis of e-carboxyphenyl 
hydrogen succinate“ and the hydration of fumarie acid. 

Kinetic schemes other than that embodied in Eq. (6-77) car give rise to a bell- 
shaped curve As in Fq. (6-771. however most of these involve two ionizations. 
"ius Scheme V, where HS is а monoprouc acid and B is a base (or the kinetic 
equivalent of S. — ВН") yields a bell-shaped curve. 








HS + B — products 
Scheme V 


А nonionizable substrate reacting with two ionizable species or groups as in Scheme 
V also give this type of behavior. 


S + НА + B products 


Many examples are known in the field of enzyme catalysis, the groups HA and В 
both being situated in the active site of the enzyme. 
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A less obvious scheme thal can lead to a bell-shaped curve has been recognized 
by Zerncr and Bender." The substrate is a weak acid or base, but possesses only 
‘one ionizable group, and no other ionizable reactant is involved (other than water), 
The second inflection in the curve is ascribed to an ionizable group created in an 
intermediate. An example has been discovered in the hydrolysis of o-carboxy- 
phthalimide: 


COOH 


COOH o он 
L rd oH 
E D 
ыі 10 > NH 
Z a 
\ N 
о о 


This can be represented by Scheme VII. 


HS + Н. IH 





їн н" 
Y — products 
Suwe УП 


A bell-shaped pH-rale profile can also be produced in a two-step reaction in- 
volving a single ionizable group it the rate-determining step changes when the pH 
is altered. An example, the oximation of acetone," is shown in Fig. 5-12. 

A collection of pH-rate profiles Гог drug decomposition reactions has been pub- 
lished.” 


6.5 KINETIC ISOTOPE EFFECTS 


Consider a reactant molecule in which one atom is replaced by its isotope, for 
example, protium (H) by deuterium (D) or tritium (Т), "C by С, etc. The only 
change that has becn made ік in the mass of the nucleus, «n that to a very prd 
approximation the electronic structures of the two molecules arc the same. This 
means that reaction will take place on the same potential energy surface for both 
molecules Nevertheless, isotopic substitution can result in a rate change as a 
consequence of quantum effects, A rate change resulting from an isotopic substi- 
tution is called a kireric isotope effect. Such effects can provide valuable insights 
into rcaction mechanism. 
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This treatment is not very mathematical; it is intended to provide a physical 
picture for the origin of isotope effects and to show some of their uses. More 
detailed discussions are available in reviews by Bell, Saunders,” Ritchie,”! Car- 
penter,» CP- 5 and Drenth and Kwart. 


Primary Isotope Effects 


The most profound isotop» effects are those resulting from the replacement of H 
by D or T, primarily because the percentage mass change is greatest for these 
isotopic substances. (Another factor is that quantum mechanical tunneling is im- 
portant becouse of the low muss of H.) We will, thercfore, use the isotopic рай of. 
H and D in illustration cf the isotope effect. Consider the isotopic molecules R -H 
and R-D, cach subject to an elementary reaction in which the R-II or R-D bond 
i» лкен. Che symbol K represents ani atoni or group tir. is massive Compared 
with H or D.) This reaction can be represented by a bond dissociation potential 
energy function, Fig. 6-19, in which the abscissa is thc bond distance between R 
and H or D. As roled above, the same potential energy curve applies to both 
reactents. 

Ibis а Fundamental result of quantum mechanics that the vibrational energy levels 
of the bond are given by 


= (n + dho (684) 














Bend distance 


Figure 6-19. Bond dissociation curve showing the different zero point vibrational energies of iscropic. 
peties K-H and K-D 


294 KENNET! a CONNORS 


where vis the frequency of the stretching vibration and m is the vibrational quantum 
number, 

At low temperatures nearly all bonds will be in their lowest vibrational level, 
л = 0, and will, tlerelore, possess the zero-point vibrational energy, Eo = hvi? 
Presuming the molecule behaves as a simple harmonic oscillator, the vibrational 
frequency is given by 





{ £^ 
(= (6-85) 


Im \ p 
where K' is a force constant and p is the reduced mass, 


Mein 
[ттк (6-86) 
where m represents mass: thus if те > тн, р. = тн. 

IH is replaced by D, p will increase, whereas J^ will not change, because it 
is determined by the electronic distribution. Therefore vp vg, and Е, The 
implication of this result can be seen graphically in Fig. 6-19; because of the 
difference in zero-point energies, the bord dissociation energies of R-H and R-D 
are different, the energy required to break the R-D bond being the greater 

We now carry the argument over to transition state theory. Suppose that in the 
transition state the hond his heen compleily broken: then the foregoing. argument 
applies, No real transition stale will exist with the bond completely broken—this 
does not occur until the product stare—so we are considering a limiting case. With 
this realization of the very upproximute nature of the argument, we muke estimates 
of the maximum kinetic isotope effect. We write the Arrhenius equation for the 
R-H and R-D reactions 





ka = Auexp(—EWRT); ko = Apexp(—ERIRT) 
To an approxiniation justilied by thus crude theory we set Ay = Ap, thus, 


ki ceo бат 


ko 





Figure 6-19 shows that we can write F? = ЕН + ( у. or (ЕЧ — BD) = 
(E? — Ef). Because Е! = hhvy/2 and РО = hyp/2, we obtain 





н „трт (687) 


Assuming that иң = тн and дь — тр, we use Eq, (0-82) to get 
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зо(ин — vp) = vall 2 '7) = 0.293 ьн. This is used in Eq. (6-87): 


А = ончал (6-88) 

A kinetic isotope effect that is а result of the breaking of the bond to the isotopic 
atom is called a primary Kinetic isotope effect. Equation (6-88) is, therefore, a very 
simple and approximate relationship for the maaimurn primary kinetic isotope effect 
in a reaction in which only bond cleavage occurs. Table 6-5 shows the results 
obtained when typical vibrational frequencies arc used in Eq. (6-88). Evidently the 
maximum isotope effect is predicted to be very substantial 

Because of the serious approximations that were made in developing Eq. (6-88), 
these theoretical results cannot be safely used to make inferences of a quantitative 
nature, for example, by comparing an observed isotope effect with the calculated 
maximum effect as a measure of the location of the transition state on the reaction 
coordinate. We can consider some of the limitations of the theory. A very important 
one was the assumption that boi bieaking i» complete in the uarsition siare. This 
cannot be, so in the transition state there will exist some residual zero-point energy 
difference between the hydrogen and deuterium species. ‘Thus, the kinetic isotope 
effect should be smaller, from thc operation of this cause, than thet calculated with 
Eg. (6-88). This phenomenon is discussed below. Another limitation is that we 
‘considered only a bond cleavage. If bund formation also takes place, the transition 
state energy Icvels will be affected. Related to this factor is the neglect of bending 
vibrations. Suppose а transfer reaction A-H + B — A 1 H-B is studied. In the 
transition state bond cleavage and bond formation have both partially occurred то 
give a transition state structure А - - - H -+ - B. This species is capable of two 
bending vibrations (one in the plane of the paper changing the AHB angle, one 
normal to this) that de net exist for the reactants. These, therefore, affect the zero- 
Point energies of the H and D transition states. We also neglected any isotopic 
effect оп the preexponential factors. A further factor, often important for hydrogen, 
is quantum mechanical tunneling, which makes a greater contribution to the rate 
Tor H than for any other atom. Bell discusses the tunneling effect for proton transfers. 


TaBLe 6-5. Calculated Hydrovea/Desterium Primary Kinetic Isctope Lfrects*^ 





Bow! vut tie алу нег“  / 
сн 2m ках ш» m 72 
NH 3100 9.3 x 10? зі 85 
wi 3300 ээх шэ 5.86 106 





Source: Reference 71, with miror alterations 
Calculated «t 25°C with Eq. (6 88) 
"AL, = 0.14604. 
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A morc rigorous theory ot kinetic isotope effects begins with the transition state 
equation k = (KT/h)K . Writing this for ky and ko leads to 


a ies 
Next, Kf and КЪ, are written in terms of pertition functions (see Section 5.2), which 
arc in principle calculable from quantum mechanical results together with experi- 
mental vibrational frequencies. The application of this approach to mechani 
tic problems involves postulating alternative models of the transition state, estima- 
ting the appropriate molecular properties of the hypothetical transition state species, 


and calculuting the corresponding fyy/Kp values for comparison with сараі 
ment. 32: Chop. 5:71. 72 








We will now consider in qualitative terms the important class of proton-transfer 


aration 





AH & B cA + ПВ 


where charge types are not specified. Let A and В be massive relative to H and 
D, so ран = тн, etc. A and В may be polyatomic, but vibrations within these 
groups are ignored, 

For this reaction the transition state is the linear species A + + © H + + В, which 
possesses Зл — 5 = 4 vibrational modes." 


Reb Roe 
i 
Att He В 
н 
uis 
pe 


‘(coubly degeneracy 


We will neglect the bending mode, which may not always be acceptable 

In the asymmetric stretching vibration the hydrogen is increasing its distance 
from A and decreasing its distance trom B. This is, therefore, motion aleng the 
reaction cooudinate; it is the vibrational mode that is factored out of the expression 
for К? and, therefore, docs not contribute 10 tke zero-point cnergy of the transition 
stale. The symmetric stretch is a true vibrational mode of the transition state and, 
therefore, contributes to the transition stale zero-point encigy. lu coiparing АН 
and AD as reactants, we therefore anticipate, in general, a transition state zero 
point energy difference 

Now consider the position of the proton in the transition state, that is, the extent 
to which the proton has been transferred from A to H. First suppose: H is equilictant 
from A and B in the transition state. Then the symmetric stretch consists of A and 
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В synchronously moving away from and toward Н; the Н atom does not move (if 
А and В аг of equal mass). И H does not move in а vibration. its replacement 
with D will not alter the vibrational frequency. Therefore. there will be no zero- 
point energy difference between the H ard D transition states, so the difference in 
activation encrgics is equal to the difference in initial state zero-point energies, just 
as calculated with Ka (6RR) The kinetic isotope effect will therefore have its 
maximal valuc for this location of the proton in the trarsition state. 

Ifthe proton is not equidistant between A and B, it will undergo some movement 
in the symmetric stretching vibration, Isotopic substitution will, therefore, result 
in a changc in transition state vibrational frequency, with tbe result thet there will 
be a zero-point energy dilference in the transition state. This will reduce the kinetic 
isotope effert below ils шалай possible value. Гот this type uf tcactiun, thereiure, 
fk should Бе а maximum when the proton is midway between A and B in the 
transition state and should decrease as Н hes closer to A or to В. 

Itappcars that the bending Vibrations, which arc ignored in the above discussion, 
may act to increase АЕ, us can the tunneling effect, so it is possible for the 
primary kinetic isotope effect to be larger than the estimates calculated wih Eq. (6- 
88). 

Study of the primary isotope effect is useful in establishing whether or not а 
bond to hydrogen is broken in the rate-determining step. (Interpretation сап be 
complicated by acid-base precquilibria cr isotopic exchange with the solvent.) А 
good example is Bell's work confirming the rate-determining stepin the halogenation 
of ketones. which. on the hasis of kinetic evidence (see Section 5.3. "Composition 
of the Transition State"), appears to undergo rate-determining proton removal as- 
sisted by specific or general bases: 








о о о 
I sow | x | 
CH,CCH; + OH = CHyCCH;>CH,CCH,Br 
+ + 
no не 


In confirmation, when асеїопе-ф„ was studied, a very substantial kinetic isotope 
effect was observed, Қ, being about 7 to 12 depending upon the base catalyst 
The F2 fi-elimination reaction is a base-catalyzed concerted mechanism: 


Br 


CILCHCH, + OBE — CH,CH=CH, + ROH + Be 


The Sx2 substitution competes with the elim 
сауса in the substitution. 





ation, but a bond to hydragen is not 


Br OEt 


1 | 
CILCHCH; + OEr > CH;CHCIL + Dr- 
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As expected, k/ko is essentially unity for the substitution, but is 6.7 for the 
elimination. 

Much evidence suggests that electrophilic aromatic substitution takes place in a 
two-step reaction with the formation of a benzenonium ion intermediate. 


E 
k; 22 
= +H 
Ж, 
AA 
Either step could bc rate determining. Study cf many reactions has shown that most 
occur with а significant isotopic effect, but for some reactions tbe isotope effect is 


absent.”""* If we apply the steady state approximation to the intermediate, this 
reaction scheme (сабз to 





ok 


Kp 





where kis the observed second-order rate constant and а = Ky ү. We expect that 
neither k, пог х , should show an appreciable Kinctic isotope effect, for the C-H 
bond is not broken in this first step of the reaction; kz, on the other hand, should 
have a primary isctope effect. The net effect observed, therefore, depends upon 
the magnitude of o. Ifa > 1, then k = ky and no isotope effect will be observed, 
this appears to be the case for nitration (E* = *NO,). Ifa < 1, then = АКК 
and an isotope effect is observed. Thus, either step can be rate determining, de- 
pending upon the identity of the clectrophile. 


Secondary Isutupe Effects 


A kinetic isotope effect that results when the bond to the isotopic atom is no: broken 
is celled a secondary isotope effect. Here arc two examples; 


D 

| ы 
CH C H-B > снр + вн 

| | 

CH, CH, 


> Сну Сн + BH 
| 
CD, 
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In these examples B- is a base. The first example is called a secondary isotope 
effect of the first kind; the next one is a secondary isowpe effect of the second Kind. 
The distinction between these is that in the first kind bonds to the isotopic atom 
have undergone spatial (е. , structural) chenge. Halevi^? has reviewed secondary 
isotope effects on equilibria and rates. 

Seeerdory Vinetic isotope offerte are етта. valuec of kko heing Пека than 2 
(Sometimes ky/kp is less than unity, this being called an inverse isotope effect.) 
Nevertheless, the occurrence of a secondary isotope effect means, іп a general way, 
thit a vibrational mode of u hydrogen hus been chunged by isotopic substitution 
with deuterium and that this change is trensmitted to the bond undergoing cleavage 
with kinetic consequences. One way to interpret such changes is to view them es 
substituent effects. That is. replacentent uf H by D алдый he site uf reaction is 
analogous to replacement of Н by. say, methyl. From this point of view, we are 
led to inquire how H and D differ as substituents in molecules. 

In ош ciscussion oi ше primary isotope effect, and Of the bond dissociation 
curve of Fig. 6-19, we saw that the compounds R-H and R-D heve identical 
potential energy functions but different zero-point energies. ‘The potential well of 
Tig. 6-19 approximates to a parabola, corresponding to treating the vibrational 
modes as those of a harmonic oscillator. In reality the potential well is anharmonic 
(asymmetric) in the sense shown in Fig. 6-20, because it is easier to stretch а bond 
than to compress it. As indicated in Fig. 6-20, this means that both the maximum 
length and the average length of the RH bond are greater than those of the R-D 
bond. That is. hydrogen has a greater steric requirement than does centerinm; H 
has the greater van der Waals radius. 

Now, since the R-D bond is shorter than the R-H bond, bur the electronic netures 
of H and D are identical, there must be a greater electron density at R in R D than 
in R-H. Thus, solely cs a consequence of the quantum mechanical zero-point energy 




















Bond distance 


Figure 620, Bona association curve showing that the average RH bond austunee is greeter tran the 
R-D bond distance because of their zero-point energy difference 
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difference, we have arrived at two equivalent chemical bases for the interpretation 
of secondary isotope effects. They may be viewed as the result of different steric 
requirements of Н ard D. or they may bc seen as the result of different electronic 
effects. Note thal this second interpretation is equivalent to concluding thet D has 
a greater inductive effect of electron release than does H. This is the basis for the 
interpretation of seerecary ientope effects in the eontevt af substituent effecte. 

‘These are usually very small effects, and, although real, their mechanistic inter- 
pretation is seldom clear-cut. 


Solvent Іѕоїсре Effects 


If an isotopic substitution is made in the solvent molecule, a resultant kinetic effect 
is called а solvent isorope effect. The most common comparison is between rates 
in HO and іп 00. These solveris have significantly different properties; for 
example, their respective melting points are ОЗС and 3.82°C, their boiling points 
TOC and VIE 49°C, nid their vutoprotolysis constants (at 25°C) are 1.00 > 1015 
and 1.54 х 1075, The melting and boiling point differences indicate significant 
structural differences in these solvents, possibly resulting from the steric or elec- 
tronic difference described in preceding puragraphs, The difference in pK, means 
that D,O is a weaker acid than is Н.О. 

The solvent isotopc effect may be difficult to interpret because it can be а resultant 
Vf several vunu ibudons. One of diese iso general medium effect, which ts probably 
small because ILO and D;O are the comparable polarity. If an acid or base is 
involved in the reaction, its pK, will be different in НО and in D;O, so the 
concentration ol the reactive species will be different; this can be a very important 
effect. If an О-Н or O-D bond of the solvent is broken in the rate-determining 
step, a primary kinetic isotope effect contributes to the solvent isotope effect, and 
this effect, which is the one often being investigated, hus been described earlier. 
Finally, the reactant species may undergo isotopic exchange with the solvent, so 
that a mixture of species may exist. All O-H, S-H. and М-Н protons undergo 
exchange with Н or D of the selvent, resulting in rapid equilibration, Most C H 
bonds do not equilibrate rapidly, but if they are activated, as in keto-enol tautomeric 
Systems. they ton may exchange ‘Thus, we can study CH,COOH in H:O, or 
CH,COOD in D;O, or CD;COOH in H;O, but we cannot study СНСООН in 0. 

Values of до/з tend to fall in the range 0.5 to 6. The direction of the effect, 
whether normal or inverse, cun often be necounted for by combining a model of 
the transition state with vibrational frequencies. "^ although quantitative calculation 
is not relible, Because of the difficulty in applying rigorous theory to the solvent 
isotope effect, a yhenoienological approadi bus been developed. We define фу 10 
be the ratio of D to H in site i of a reactant relative to the ratio of D to П in a 
solvent site. Thal is, 

















_ IDH; 
IDJAH]; 





(6-90) 
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$; is called the fractionation factor. Let x be the mole fraction of D in the solvent, 
sox = [DJAID], + 1H]J, or[D]/[H], = x(1 — x), giving 





210) 
їн, х 





Ф (6-91) 


Let us first treat an equilibrium, which in Н;О we write, for reactant RH and 


product PH, 

ВН = РН; ky = [PHIRI] 
and in DO 

RD = PD: Ko = IPDMRDI 
"The equilibrium solvent isotope effect is defined to be 


Ku _ [PHIIRD] 


(6-92) 
ко (РОДЕН) o 


We usc Eq. (6-91) to define fractionation factors for the positions R and P, thus, 


IRD] 











= (6-93, 
e = inm 3 
IPD] 1 — x 
-— (6-93b) 
ШЫГ d 
Combining Eqs. (6-92) and (6-93) gives the solvent isotope effect 

Ks ds 

rv (6 94) 
Ko be 


We now wishto generalize this to include the isotope effect in H;O/D»O mixtures. 
The equilibrium constant K, is defined 


IPH] + [PD] 
= 6.95) 
ТЕГІ (om 





Imo Ед. (6-95) we substitute the deft 
46-94) to obtain 


ions of Ky and Kp and use Eqs. (0-93) and 


(6-96) 
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The extension to rates draws on the equilibrium assumption of transition state 
theory to yield the analogous result, With rate constants replacing the equilibrium 
constants of Eq. (6-06). Kresge’’ has generalized this argument. the result being 


Р. 

E TEES Y 

АТ: (697 
TK] = x + хф) 


That is, terms of the form (1 = х + хф) appear in the denominator for all reactant 
sites having exchangeable protons and similarly in the numerator for all transition 
sume sites. If there is no change in the fractionation factor for a site, its contribution 
cancels. If the solvent is a reactant, its term disappears because the solvent frac- 
tionation factor is unity by definition 

Fractionation tactors сап be measured for stable species,” but they must be 
postulated (on the basis of а model) for transition states. Rather then using Eq 
(6-97) as a means for predicting the solvent isotope effect, it is more effective to 
measure the isotope effect and, by fitting the data (consisting of k, as a function 
of x) to Eq. (6-97), to infer the number and mechanistic roles of protons involved 
in the rate-determining stcp. "/ This approach has been called the proton inventory 
technique. V has been used to study the mechanisms of hydrolyscs, especially of 
the "uncatalyzed" route of reaction.” For example, Gandour et al."' examined the 
hydrolysis of phthalic anhydride. finding that the data were best fit by the equation 
10%, = 1058 (1 ~ x + 0.69x)1 — x + 1.33%)". This implicates four pro- 
tons in the transition state, three of them being identical, with à = 0.69, the other 
having, $ = 1.33. It was inferred that the tiansition state includes an essentially 
fully formed hydronium ion. One possibility is that tetrahedral intermediate for- 
mation is rate determining, with 2 very late uansition state, as in 1 











kt 
Ue N 
H 





Another possibility is that breakdown of the tetrahedral intermediate is rate deter- 
mining, the transition state being very early, as in 2. 
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The technique has also teen applied to the distinction between general hase 
nucleophilic catalysis * 

It must be appreciated that the selection of the best model that is, the best 
cequticn having the form of Eq, (6-97)—may be a difficult problem, because the 
number of parameters is а priori unknown, and different models may yield com- 
parable curve fits. A combination of statistical testing and chemical krowledge 
must be used, and it may be thet the proton inveatury ачыу i» weet valuable 
as an independent source capable of strengthening a mechanistic argument built on 
other grounds. 
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PROBLEMS 


1. Thesc rate constants are for the degradation of clindamycin at pH 4.0 in 0.2 
M citrate buffers. 


1С 10ks" 
ат 0004 
5) 0.0279 
50 0.0831 
70 0.249 
ю 0969 
о 362 
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Маке the Arrhenius plot and estimate Es. 7. Show that if the relative error uyk is constant, then an unweighted lincar 

2. These rate constants are for the reaction Artberius least-squares anzlysis is correct 

В. le Noble’ gives these data for the dependence of the rate of chloroform hy- 
drolysis on pressure. 













in ethanol. Estimete F, and A. What is the rate constant at 36°С? 
Раг РЫМ! 





WC ТЫМ" Rie 
= аа аа 0.00 7.39 
ә 500 107 3.53 
6 118 243 215 
12 245 347 1.62 
18 48.8 421 108 
4 100 524 0.66 
3 208 645 0.70 


3. This first-order decarboxylation reaction 


Calculate AY. 

9, These are rate constants for the hydrolysis ef cinnamic anhydride in bicarbonate- 
carbonate buffers. The pK? of bicarbonate is 10.22. Find the rate constant for 
hydrolysis, at each pH, at zero buffer concentration. Analyze the data to 
determine if the acid or base component of the buffer, or both, are responsible 


lytic rate constant(s) 


CO(CH;COOH); > СО(СН;); + 2CO, 


has an acti 





tion eneigy of 23.2 kcal nol" in ayuevus sulutivu. At IOC the 
half-life is 107 min. What is the rate constant for this reaction at 50°C? 

4. These rate constants are for the acetolysis of exo-2-tosyloxybicyclo[2.2. 1. 
Ticpin-7-one ethyiene glycol ketal.” 








foe catalysis: amid pie the 





we gk 
ю 27 тай эйе 
9 8.05 ГД concertretioniM pu 
10 256 wo — ооз 26 
ооззо 24 
Estimate AN and AS. 0.050 0 5 
5. The rme constant for the acid-caralyzed hydrolysis of ethyl acetate is эле cope шэ 
00204 по 
с д, 0.027 2 m 
Ink = 7.532 — 18200087 (R in cal) man ni 
эн 002 253 
Calculate АН and Д5. 00220 273 
6. Analyze these data for the hydrolysis of pantothenate. 0.030 8 уш 
оошо xao 
1С Kday ' 
10 0.000 554 
2з 0003 10 А NES me 
x { 10. The following data arc for the hydrolysis of cinnamic anhydride in (2-emino- 
= 008 A | 2 hydroxymethyl 1,3 propane diol buffers. Extrapolate them to zero buffer 
i sina concentration, and, togcther with data from Problem 9, plot tbe pH-ratc profile 
tae Determine the order with respect to hydroxide, and calculate the rate constant 


for bydrolysis. 
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Total buffer 
pH concentration’ тык! 
886 0.0105 3.95 
core эө 
cors эл? 
conc ола 
вав coro m 
сома зев 
0192 m 
00240 374 
кп mnm үзө 
00118 240 
uve злу 





11. These rate constants are for the hydrolysis of cinnamic anhydride in carbonate 
hulter, pH 8.45, total buffer concentration 0.024 M, in the presence of the 
catalysts pyridine, N-methylimidazole (NMIM), or 4-dimethylaminopytidirc 
(DMAP). In the absence of added catalyst, but the presence of buffer, the rate 
constant маз 0.005 24 х'. You may assume that only the conjugate base form 
of cach catalyst is catalytically effective. Calculate the catalytic тше constant 
for the three catalysts. What is the catalytic power of NMIM anl of DMAP 
relative to pyridine? 








Тою! cotolyst 
Саауя cencentration’M I'd 
Pyridine oma 360 
(ek: - 52% оох oi 1028 
0024 пз 
noun эз х wt 9.08 
(Ki = 719) 90x I пва 
еве x qn 14.09 
MAP тат м5 "m 
(к: = 95%) 195 x 10% 7 
LIE ат 





12. These are rate data for the hydrolysis of succinimide. 


рН ks? 
790 008 
91 — 03 
9.05 0.53 
1024 — 0.81 
110 буу 
11.80 1.02 


100 095 
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Analyze these deta; that is, find the rate equation and evaluate the constants. 
13. Suppose the rate equation fer the aminolysis of an ester is 





МЕДОН-) + ДЕҢЕМН,] + ЕЛКА 
AJEIRNH;OH ] + A(EIRNEGIIRNH 5] 


v 


Develop an experimental design that will permit all of the rate constants to be 
determined. 

Apply Ше sical y-state approximation to the general basc-cutalyzed helogenntion 
of ketones: 





RCOR + BE + BUT! 


L + X; — products 


(a) Show that the cbserved rate constant is proportional to the gencral base 
concentration. 
(b) Show how the observed rate constant is independent of the halogen con- 
centration when the proton abstraction is the rate-dctermining step. 
15. Sketch the kinctic scheme that is kinetically equivalent to Scheme VIL 
16 Calculate the difference in activation energies corresponding to a primary ki- 
netic isotope effect of lan = 7 at 25°C. 








CHAPTER 7 





Structure-Reactivity Relationships 





Very сайу in the development of organic chemistry, it was recognized thet similar 
structural changes rend ro produce similar chemical effects. This vrderly behavior 
permitted generalizations to be made in describing the relationships between chem- 
ical structure and reactivity. In this chapter we describe many of these generali- 
zations. A useful approach is lo seek patterns in the form of correlations of гас 
data with other quantities such as equilibrium constants. Such patterns define “nor 

mal" or “expected” structure-reactivity hehavior and, therefore, provide a basis for 
detecting and exploring the often more interesting deviations from typical behavior. 


7.1 EXTRATHERMODYNAMIC RELATIONSHIPS 


The magnitude of a change in a thermodynamic property of a system is determined 
ошу by the values of the property in the initial and final states of the system. An 
infinite number of routes may exist between these two states, and each route nec- 
essarily results in the same net change in the property. Thus, knowledge cf the 
overall change cannot distinguish between alternate paths. The concepts aud metl- 
cds of chemical kincties provide considershle insight into the actual paths (mech- 
anisms) accessible to the process, because kinetics is concerned with changes in 
properties between an initial state and some intermediate state, namely, the transition 
state. 

The great generality of thermodynamics is a consequence of its minimal use of 
specific and detailed models; on the other hand, it is the absence of such models 
ahar prevents thermodynamics Гили providing iusight into molecular mechanisms. 
“The combination of detailed models with the concepts of thermodynamics is called 
the extrathermodynamic approach. Because it involves model building, the tech- 
nique lacks the rigor ot thermodynamics, but it can provide information not oth- 
erwise accessible. Extrathermexlynamic relationships often take the form of cot- 
relutions among rates and equilibria, and the models used to account for these 
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include hypotheses of chemical bonding, transmission of electronic effects, and 
interactions among electronic effects 

‘The most common manifestation of extrathermodynamic relationships is a linear 
correlation between the logarithms of rate or equilibrium constants for one reaction 
series and the logarithms of rate or equilibrium constants of a second reaction series, 
both sets being subjected to the same variation. usually of structure. For illustration, 
suppose the logarithm of the rate constants for а reaction scrics B is linearly 
correlated with the logarithm of the equilibrium constants for a reaction serics А, 
with substituent changes being made in both series. The empirical correlation is 








log fy = mlog Ka + b m 


‘As seen earlier, thesc logarithmic terms are linearly related to free energy charges 











NETT. AT 
log ky = Darr * log n @-2) 
КА 
lag Ka = VAT 0-3) 
Combining Eqs. (7-1)-07-3). 
AGS = тм + b (7-4) 


Such correlations are therefore called linear free energy relationships (LFERs). 
Often it is convenient to express the correlation in terms af ratios of constants by 
referring all members of the series to a reference member of the series; thus the 
correlation in Eq. (7-1) can be expressed 


E Ka 
los 3g mios (75) 


where ka and KA arc the constants for the reference substituent, 

It is useful at this point to introduce и new symbol. We are accustomed to use 
the operator А to signify a change in a quantity associated with a chemical reaction, 
€g., AG. AH. cr AS. It is convenient to define different symbols to describe changes 
‘caused by alterations in structure and in the medium. We will employ the 8 operators 
vf Lefer and Grunwald’ for this purpose. A change m а quantity caused by а 
structural alteration is indicated by the symbol 8g, and a change caused by a change 
in the medium by by. These operators can be combined to describe changes in 
changes, thus, BAG" = AG АС, is a change in standard free energy change 
caused by a structural variation from Ry to R. (Some authors write AAG" instead 
of BAG). It can be demonstrated that these operators commute, so B.AG = Да, 
and so on." With this symbolism, Eq. (7-5) can be written 


BRAGA = moeAGL (1-6) 
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Though LFERs are not a necessary consequence of thermodynamics, their oc- 
currence suggests the presence of a rcal connection between the correlated quantities, 
and the nature of this connection can be explored. This treatment follows Leffler 
and Grunwald.’ "° 971? Standard free energy changes АС? will pertain to either 
equilibrium or rate processes. Consider the reaction of а molecule that, for con- 
woniena, we divide into two Zones. R and X. Zone R includes the variuble sub 
мінеп, and X is the reaction site. The standard fice energy of the substance is 
considered to be an additive function of the free energies of these two zones plus 
а term describing the interaction herween the two Zones. 


Сх = Gh + бй + hx л) 
Equation (7-7) represents the model, which will be applied to a reaction series А, 


in which a set of compounds varying only in the substituent К undergoes the common 
reaction 





RA = RA’ (7-8) 
Writing AGRA = Gf! — Ga and applying Eq. (7-7), 
AGRA = (Cy = GR) Usar = Tend (7-9) 


in which the G2 term has disappeared because it does not undergo any change in 
the chemical reaction, А second reaction series B, with the same variations in 
substituents but a different reaction site. is similarly described: 





RB = RB’ (7-10) 


Дб. = (Сб GR) + as! — н) gan 


Variations in the substituent R within the reaction series are described by the terms 
546% and BAGH, 


®Аб% = ACR — ACR a (7-12) 
BRAG = Аб — Аба (7-13) 


where Ro is Une refercnec substituent. Equations (7-12) and (7-13) are combined 
with (7-9) and (7-11): 


BAGA = Urat — fna) Unga’ — tiga) gan 


ACD = des! — Ins) — ве аа) (7-15) 
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IL is necessary to introduce one further assumption to make this model lead to ап 
LFER: this is a separability postulate, 











fax — fg t dx (0-10) 
Then, from Eqs. (7-14) and (7-15), 
&АбА = Ur — Iu) Uar — In) 0-17) 
МАСЫ = (к — Ing) Ur 12) (7-18) 
Combining these equations, 
AGG = (= =) СД 0-19) 


Equation (7-19) has the form of an ГЕК (compare with Fa. (7-6)]. The quantity 
in parentheses is independent of the nature of the substituent, depending only upon 
the reaction types, it 15 called the reaction parameter. Now suppose that reaction 
series A is selected as a standard reaction; then ёАС, becomes dependent only 
on the substituent and is called the subsriment parameter. (For the standard reaction, 
the reaction parameter is arbitrarily set equal to unity.) Wells" has given an 
equivalent treatment, 

Later sections describe several empirical relationships with the form of Fa 
(7-19). Some frec energy relationships require expression as four-paramcter equa- 
lions of the form. 


BAGR = mógAGt + n64AGQ (7-20) 


Such an equation implics two interaction mechanisms in the model. !- 40-3 

The preceding treatment applies to LFERs between rates or equilibria of two 
different reections. A special case of this situation is the relationships between the 
Tate constants und the equilibrium constants of the same reaction series. Equation 
(7-19) could apply to this case, with БАС, proportional to log( ko) and АСЯ 
proportional to log(&/K,;) for the same reaction. ‘Thus, we anticipate an ШГЕК. This 
case happens to be susceptible to theoretical analysis because the rates und cquilibrie 
apply to movement over the same potential energy surface; we have reviewed this 
problem in Section 5.3, “Position and Height of the Energy Barrier,” where we 
obtained the Marcus equation, Eq. (7-21), as the ivlativuship between the free 
energy of activation AG* and the standard free energy change AG" of the same 
reaction. 


м «му 
+ 


м = AG) + 
AE 16863 








(7-21) 


Jn Eq. (7-21), AG is the intrinsic barrier, the free energy of activation of the 
(hypothetical) member of the reaction series having AC" = 0. It is evident that the 
Marcus equation predicts а nonlinear frec energy relationship, although if a limited 
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range is explored experimentally the nonlinearity may rot be evident. We also saw 
in Section 5.3 that the Marcus equation applies to a relatively simple system and 
that more complicated behavior is possible. These considerations should caution 
us not to expect great generality in empirical LFERs, but rather to view these 
relationships as fortunate, although limited, simple forms of more complicated 
behavior 

"The literature in this arca is extensive and some of the concepts and symbolism 
may be transitory. This chapter reviews the field at a level and with a coverage 
adequate for the experimentalist fo use the standard relationships and to follow their 
use in the mechanistic literature. Research оп the meaning of the extrathermody- 
namic relationships themselves is beyond our needs: the interested reader can explore. 
thesc ideas further in the references cited. Grunwald! hes reviewed the eurly history 


of LFERs. 





7.2 SUBSTITUENT EFFECTS IN AROMATIC COMPOUNDS 


Tbe designation of onc reactant as the substrate and another as the reagent is 
arbitrary but useful in discussing chemical reactivity. The substrate always under- 
ics sun шшс in the reaction, A catalyst is always considered to be c reagent 

When a reaction is studied under the usual pseude-first-order conditions, the con- 
centration of the substrate dees not appear in the apparent first-order rate constant, 
whereas the reagent concentration does. In ine reaction berween an acid anhydride: 
and an amine, the physical organic chemist might regard the amine as the reagent, 
whereas the analytical chemist may consider the anhydride as the reagent. This 
dual use of the term should nct causc any confusion here. The present section 
concems LFERs cescribing substituent effects in aromatic substrates; very generally. 
а series of substrates R-X varying in the R substituent is subjected to a common 
reaction at site X. and the quantity АС? is correlated with a standard reaction 
series (the "model" reaction) 





The Hammett Equation 


The classic example, and still the most useful ore, of a LFER is the Hammett 
equation, which correlates rates and equilibria of many side-chain resctions of 
meta- and раға substituted aromatic compounds. The standard reaction is the aqueous 
ionization equilibrium at 25°C of meta- am para-substituled benzoic acids. 


соон соо 
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‘The reference compound is benzoic acid. The substituent parameter, which is called 
the Hammett substituent corstart «з, is defined by 





Ke 
Jog Fa EP рК, 0-22) 
© is related t) DRAG? by 


SAG = —23RTe (7-23) 
The Hammett equation is written ав 


k 
log = (7-24) 


Where Eie а rate constant form or p-substituted sulouuies, ad p Is the Hammett 
reaction constant. Equation (7-24) obviously has the same form as Eqs. (7-5) and 
(7-19). 

‘The form of Eq, (7-24) suggests, by comparison with Eq. (7-19), that а single 
interaction mechanism is operative between the substituent R and the reaction site 
X. That this is not necessarily trac is shown as follows. Suppose two interaction 


пишит control the substituent effect. Then а Hammett relationship may be 
written as in 





к 
log p = роз + pu; (7-25) 
which can be rearranged to 
k Г 
в = py (s x мо) (026) 


If the two interaction mechanisms maintain the same relative importance throughout 
the reaction series, thatis, if the ratio p/p, is constant, Eq. (7-26) hecomes identical 
in form with Eq. (7-24). This in fact appears to be the usual situation in Hammett 
correlations, PP 1- and the two interaction mechanisms ate commonly discussed 
in terms of the inductive and ivsuuatice effects of electronic displacement. 

Two points of view have developed concerning the "best" values of the Hammett 
substituent constants. One of these, exemplified by the remarks of ТАТ and Eh- 
Tenson,” treats ө as an adjustable parameter whose value should be chosen to best 
fit the entire body of experimental date. The assignment of c values in this context 
becomes a statistical problem of curve fiting, best handled by computer methods 
‘The advantage of the method is that it provides substituent constants capable of 
generating p values, and of regenerating rate constants, with reasonable accuracy 
over the entire runge of reactions used in establishing the values One of its die- 


advantages is that these u values are subject to periodi change as new data become 
available. 


‘The other point of view?" 
defining relation of Hanmen 











is that the c values should be based on the original 
„ Eq. (7-22). Besides the advantage of Providing 
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Taste 7-1. Нашид Substituent Constants Based 
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“PK? = 4.208 at 25°C for benzcic wid. 

"From Reference 199. 


essentially permanent cr values, this approach takes a fundamentally pod m 
more optimistic, view of deviations from Hammett plots. ша X en 
deviations represent different mechanistic effects in the corre з 
and the standard reaction series. and the deviations сап puide шч ш 
pretations. The statistical method of evaluating substituent const 
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imize deviations. The dispute really concerns the utility of LFERS. 1f their principal 
use is for data storage and retrieval, then the statistically evaluated « values will 

оп the average, provide more accurate estimates of rate and equilibrium constants, 
1с they are helpful primarily as tools for mechanistic interpretation, the definition 
of о in terms of a standard reaction is to be preferred, because it yields substituent 
constants of definite valuc and unambiguous meaning (even though the meaning 
may not be understond). ‘The practice of estimsting “secondary” о values Бу mea- 
suring p for a given reaction series and then calculating œ for a group subjected to 
this reaction, without having available its corresponding benzoic acid dissociation 
«constant, has contributed to the range of published с values for a single substituent 

We take the view of McDaniel and Brown? thet the Hammett substituent constants 
should be defined by Eq. (7-22). Table 7-1 lists many of these constants based on 
the ionization of meta- and para-substituted benzoic acids, 

The Hammett equation is said to be followed when a plot of log k against о is 
linear Most workers tike nc the criterion of linearity the correlation coefficient г, 
which is required to be at least 0.95 und preferably above 0.98. A weakness of r 
as a statistical measure of goodness of fit is thal ғ is a function of the slope р; if 
the slope is zero, the correlation coefficient is zerv, A slope of zera in an LFER 
is а chemically informative result, for it demonstrates an absence of a substituent 
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Tames 7-2. Harimet p Values for Some Kate Processes 











Ne Reaction Solvent УС p -igk 
1 ACOON + COH + H CHOH 25 -0229 334 
> arCOOCHs 
2 МСООН + HN, — ASH: + CO; — CHCI-CHCI 40-145 5289 
3 Акои + Un -> arcoo чо» модоо 25 азю ams 
4 лсоосн, + ОН — AICOU- 60% Мосо 25 2265 2557 
5 ACOOCE. + H-— АСООН 60 Me.CO 10) ош 4086 
6 sAcaucooca, | OH 
— pAIGECOO 88% caon 40 оз 25% 
7 ACHCOQCH. + OIF твае СЛЬОН 30 O84 1813 
— Acti Coo 
в ACHICH.COOCGE, + OH ELEMPLAMON Ох 0489 2198 
— ArCH.CISCOO- 
$  ACH—CECODCII + OH 87.83% CHOH 30 139 2752 
з A«cri—encoo 
ю сой + НО — соон 95 месо 25 1782 4200 
П ArCOSH: + ОН = ACOG 60% CHOH 1001 LU 3.523 
Ij ACONH, + Н. — ArCOOH 60% CHOH 996 -022 3806 
їз (COO + HO — ACOOH 759 dioxane 58S 1568 5.113 
Ма АгОСОС,Н. + ОН — ArOH бю MeO -20 051 1801 
146 АгОСОСуН, + ОН — ЛОН 6% MeCO -10 10м 1408 
Me AKÜCOGUH, 1 OH — AOH от мс o ome 1015 
14d АЮСОС,Н + Он — ArH вох Mc, CO I5 — 0930 0490 
15 АМН. + GakCOCL CHo 235 -2761 2888 


э AMICO na. 





“Abstracted from the compilation by Jaffe.’ where euginal references may be found. 
"Value of Log kon the least-squares regression line where œ = 0: the ime uni is seconds. 


ettect; yet the correlation coefficient criterion would reject this result, Davis and 
Pryor"! have anelyzed the relationship among r, the slope, and the scatter of points 
about the line and urge that r be abandoned as a criterion of linearity in LFERs. 
They propose instead that the standard deviation of the slope, ө, or the confidence 
limits of the slope at a stated level of significance, 2 ллу, be reported. Figure 7-1 
Hammett plot for the hydrolysis of substituted cthyl p-biphenylcurboxylates, 
1. This is a very good example; statistical analysis is not required to conclude 
that the Hammett equation is followed. The slope of the line, and therefore p, is 
058. 
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‘Table 7-2 lists 15 reactions whose rates are correlated by the Hammett equation." 
Besides the reaction constant p, the table gives a value for © (from the fitted line), 
which provides all the information needed ю estimate К for апу member of the 
series, 1! the corresponding о is available, hy means of Eq. (7-24). Note that #' in 
Table 7-2 is generally not identical to the experimental value of k for the a = 6 


пкапћет of the series, because this experimental point may deviste from the regres, 
sion line. 








Deviations and Varialiuris 


The discussion in Section 7.1 should prepare us to expect deviations from such a 
Simple relauonship as the Hammett equation if the reaction being correlated differs 
greatly from the standard reaction. When this happens we have two choices (within 
this extrathermodynamic approach): We can select a different standard reaction, or 
we can increase the number of parameters. 

^^ Hammett plot of the pK, values of p-substituted phenols against the о, values 
shows serious deviations for the members of the series at the extrcmcs of the y 
scale, that is, for substituents that are strongly electron donating or electron with- 
drawing." It was recognized very early'* that such deviations could be rectified by 
Choosing an appropriate cr value for such substituents; in effect, this means a different. 
model reaction was adopted. The chemical basis of the procedure can be illustrated 
with the p-nitro substituent, The p-nitrophenolate ion is stabilized by through res- 


anonco ас shewn in 2. 





This phenomenon is not possible in p-nitroberzoic acid, hence, p-nitrophenol ix a 
stronger «cid with respect to p-mtrobenzoic acid than is expected on the basis of a 
Comparison of substituents in which this resonauce delocalization is not an imporlant 
factor. It was, therefore, recommended™ that о„ = 1.27 he nsed for p-nitro de- 
Tivatives of phenols and anilines, rather than the о, = 0.78 given in Table 7-10 
These “enhanced” sigma constants, symbolized v^, apply primarily to electron- 
withdrawing groups in reactions aided by low electron density at the reaction эйс, 
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Tan 7-3. Enhanced para Substinuent Constants, v 
Substinent т Substinent 

—сон 078 сч iom 

Coe, пев — —NO, nam 

—сосњ 065 50, төө 

COLI O61. Самсун, Гов 
—Сосндуә 066 CH-CH-CH, 069 

—CONH: обл м эт 

—сно 1.120 





Source: From Jaffe's” collecion except as indicated 
and Robisson?? give 0.983 and 0.874 based on ionizatien of 
anilines and pheneis, respectively 

"Biggs and Robinson give 1.24. 

“Reference 199. 






that is, reactions in which a negative charge is developed at the reaction site. For 
groups in the meta position, which cannot undergo extensive resonance delocali- 
zation with the reactive site, thc Hammett є, values апе used for correlating these 
reactions; likewise for para-substituted groups incapable of extensive resonance 
interaction, the oy constants are adequate. Table 7-3 gives с constants for those 
para-substituted groups exhibiting these enhanced effects. т” has yielded improved 
correlations for aromatic nucleophilic substitutions. '* 

Reactions that occur with the development of an electron deficiency, such as 
aromatic electrophilic substitutions, are best correlated by substituent constants 
‘based on а more appropriate lefining reaction than the ionization of benzoic acids. 
Brown and Okamoto" adopted the rates of solvolysis of substituted phenyldireth- 
ylcarbinyl chlorides (¢-cumyl chlorides) in 90% aquenus acetone at 25°C to define 
clectrophilic substituent constants symbolized о * . Their procedure was to establish 
а conventional Hammett plot of log (КА?) against oy, fer 16 meta substituted t- 
соту! chlorides, because meta substituents cannot undergo significant direct rcs- 
‘onance interaction with the reaction site. The resulting p value of 4.54 wus then. 
used in a modified Hammett equation. 








кей = фо (2n 


to calculate o^ constants for a total of 41 substituents. This procedure has the result 
of placing the cr* and o constants cn essentially the same scale. The o* constants 
are given in Table 7-4. Some of the reactions correlated by Eq. (7-27) are listed 
in Table 7-: 

The er and ot scales of substitnent effects result from changes in the standard 
reaction that defines the c scale. An altemative approach todceling with substituents 
that possess more than one mechanism of electronic interaction with the reaction 
site is to make use of more than one substituent constant. Yukawa and Tsuno!” 
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Reaction 





Electrophitic nuclear substitution 
Bromination of monosubstituted benzenes by Bt; in HOAC 
(Chlorination of mannsubstituied benzenes by Ch in НОАс 
Naration of monosubstituted benzenes by HNO; in CHNO3 or 
ле 

Bromination of monosubstituted benzenes by НОВ: and НСЮ, in 
30% dioxane 

Protonolysis of sryliimeibylsilanes by H:S0, in HORE 
Brominolysis of arykrimethylsilanes in HOA 

Brominolysis of bernvenckorrmie acide in 20%. DOAc and 0.10 M 
торг 

Bromination of polymethylbenzenes by Br: in CH)NO; 


Electropilie side-chain reactions 
‘Solvnlysis оё s-cumyl chlorides in 90% acetone” 

Scivulysis of rcumy! chlorides in ethanol 

Acid-catalysei worrengement of erphenyleihyl cldkeceibonates ii 
dioxane 

Equilibrium constants tor cartonium ion format 
triphenylcurbinols in aq Н.50, 

К constants for ionization of tiphenylearbiny! chlorides 





n fom 


25 
25 


0025 


014 


кок 
-622 


578 
260 
6 
за 
-8.10 
E 
-4.67 
-эют 


-364 


an 





Source: Referance 16. 
“Model reaction. 
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proposed the difference o* — о as a measure of the through-resovance etfect and 
wrote Eq. (7-28). 


k 
log; = йо + Xo" 0) (7-28) 
Equation (7-28) is equivalent to Eq. (7-29), with p' = pfl — r} and p” = pr. 


k 

к -p'o | рес? (7 29) 

СЫА J 

Equation (7-29) is linear in the parameters and can be regarded as а multiple LFER. 
Мапу other equations of this form have been propased, 


The Substituent Constant 


In the early decades of this century a successful qualitative theory of substituent 
effects was developed with the concept of the electronic nature of the covalent bond 
äs applied to rates and equilibria of organic reactions, The electronic effect of a 
substituent at a reaction site can be described as a combination of inductive and 
resonance effects. Inductive (polar) effects include through-bond displacements of 
electron density as a consequence of bonding between two unlike atoms and the 
electrostatic field effect operating through space (or through the solvent) between 
the substituent and the reaction center. Resonance effects are а consequence of 
electron. delocalization or conjugative interaction, primarily of т elections, hut 
including byperconjugation. (The English school uses the word mesomerism for 
resonance.) Symbols have been assigned to these effects, I representing the inductive 
effect аш! M, T, о R, the resonance єссє. The direction of the electronic effect 
is represented by a sign, but it unfortunately happens that there are two sign 
conventions. In Ingald’s convention," an electron-attracting substituent is associ- 
ated à negative sign, an electron-repclling substiruent with а pusiüve sign; 
thus, the p-NO. group is said to exert и —R effect. whereas the p-OMc group has 
a +R effect. This convention is sympathetic to the terminology in which an elec- 
tronegative group attracts electrons (relative to hydrogen), whereas an electropo- 
sitive groups repels electrons. This sign convention has been widely used.'*" 
The opposite siga convention is attributed to Robinson and has been used by 
Wells"? Taft and Lewis,! and Dewar? This convention has the advantage that 
the sign of the effect (1, =R) agrees with the sign of o: thus p-NO> has the +R 
effect, and a, = +0.78 

А further complication arises with ород” suggestion" that both the inductive 
and resonance eflects are composed of initial state equilibrium displacements that. 
reveal themselves in eq rm. properties like. le moments and equilibrium. 
constants and of time-dependent displacements produced during reaction by the 
approach of an attacking reagent, observed rate effects being resultants of both 
types of electronic effects. Hammett,>® however, claims that it is not necessury or 
possible to make this distinction. 
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‘The Hammett equation and LFER in general added no new concepts to the 
qualitative picture that had been built up of electronic effects in organic reactions, 
but they did provide а quantitative measure that had been lacking anc thet has been 
found very useful. Here we will describe the further development of ideas concerning 
the substituent constant. 

We have already defined о. с. and ø ' . It is apparent that by choosing additional 
‘standard reactions we could generate further sigma values, and van Bekkum et al." 
have indeed shown that c for a substituent appears to have a range of values (of 
which er and ot may mark approximate extremes). We are thus faced with the 
problem of choosing the "best" value in making the LFER plat. The source of the 
variability in the substituent constant is the electronic requirements of the particular 
reuction and the cupibility of the substituent to respond to this requirement. Dicit 
resonance interaction seems to be the principal mechanism contributing to variability 
in c values. For this reason a set of с values has been proposed in which direct 

бс imeracupn is absen these substituent constants may therefore be quan- 
titative measures of the inductive transmission of electronic effects. These normal 
ог primary о valucs were taken to be the Hammett c, values for “well-behaved” 
substituents that are expected to undergo no resonance delocalization interactions. 
van Bekkum et al.?' symbolized these by a", and Taft by o?. The с" and o? 
scales arc nearly identical with each other and with the Hammett o,, valves except 
for para substituents with resonance capabilities. Table 7-6 gives valves of o^ and 
о. 

‘The reasonzhle extension of these ideas is to express сг аз a sum of contributions 
from the inductive and resonance effects. Branch and Calvin” suggested this, and 
much of the rescarch on LFER of the past three decades has been concerned with 
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Source. Rotorencos 23 and 24, 
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the separation of inductive and resonance electronic effects. The goal is to express 
the observed substituent effect in the form of Eq. (7-30), 


log рил + PRIR (7-30) 





amuniple LFER. The protien is w evaluate v (ie inductive substituent vuota) 
and oy (the resonance substituent constant). Because a log k quantity is proportional 
to an energy, it is acceptable to represent it as a sum for a specific case, but the 
intent of Eq, (7-30) is to express substituent effects as sums for many reactions, 
изү und wg being dependent on substituent but not on the reaction. 

Taft ard Lcwis!* began with Eq. (7-30), adding the assumptions that the inductive 
effect is identical from the meia and para positions and that the resonance effect 
from the meta position is some fraction єс of its effect from the pura position. These 
assumptions give Ea. (7-31): 








k 
log (4) = рал + pron 0-31a) 


k 
log (2. = 4 agit (30b 


Eliminating the resonance effect R = риск gives 


ve (i), om (0), 
‘The constants оз were taken equal to a scaled value of the aliphatic polar substituent 
constants o* (which are defined in Scction 7 3), and œ was set at $ (or a = 70 for 
substituents capable of through resonance). The resulting plow ef Eq. (7-32) gave 
good LFER, which was interpreted to justify the approach, Refinements,”*?” of 
this treatment showed that а depends upon the reaction, although most values fell 
in the range œ = 02 06. 
Subsequent work has attempted to refine the estimates of cy. We can apply the 
Hammen equation to Eq. (7-32), obtaining 





1 — одре (7-32) 


Pron — арыл, 


77 pd — a 


or, with the assumption Pm = Pp = prs 


(7-33) 





сь = с, (7-34) 
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TABLE 1-7. Inductive anc Resonance Substitvent Сома» 
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Statistical methods can be used on a large body of data to generate e, and с, values 
hy means nf Fas. (7-33) and (7-34). The results of Exner? and Elyenson et ul.” 
are listed in Table 7-7 

Another approach to evaluating оз was taken by Roberts and Moreland, who 
defined inductive substituent constants in terms of the avid dissociativi cunstaut 
of 4-substituted bicyclo[2.2.2]octane- I-carhoxylic acids, 3. 





3 


In these acids the geometric relationship of the substituent X to the reactive site 
COOH approximates that in 4-substituted benzoic acids, but in 3 the resonance 
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elect 18 absent hecause of the insulating effect of the saturated system, therelore, 
‘only the inductive effect remains. Charton™ scaled o; values based on the ionization 
‘of 3 so that they are on the same scale as those based on the ionization of benzoic 
acids, and these c valucs are also given in Table 7-7. NMR chemical shifts have 
also been used as measures of the inductive effect 2223 

Although c, estimates by different methods or from different data sets may 
disagree, it is generally held that the inductive effect of a substituent is essentially 
independent of the nature of the reaction. It is otherwise with the resonance effect, 
and Bhrenson et al.” have defined four different съ valucs for a substituent. de- 
pending upon the electronic nature of the reaction site. An alternative approach is 
to add a third term, sometimes interpreted as a polarizability factor, and to estimate 
the inductive иги] resenanee contribution statistically; with the added parameter the 
resonance effect appears to be substantially independent of reaction site +27 

How is the experimental kineticist to cope with this overabundance of substituent 
constanta? Let vs frot enamine some implications of dw эъра йули uf эзше. 
effects into inductive and resonance effects. Consider the p-NO» group. which, 
meding te Table 7-6, is electron-withdrawing by both the inductive and the 
иемошашде «Пес, just as expected on the basis of classical arguments. The p-UMe 
group, on the other hard, is clectron-withdrawing by the inductive effect (because 
oxygen is electronegative relative to carbon), but electror-donating by the resonance 
effect as shown in 4; this too is consistent with chemically based conclusions. 


9-0 
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The net effcet is, therefore, a balance of these two components. Sune vf the results 
of the separation may be surprising, such as the relatively small contribution that 
resonance makes to the overall substituent effect of -NO,. Another interesting 
aculi is the predominant resonance contribution in the alkyl series; this (if real) 
must be attributed to hyperconjugation 

"The nonspecialist reading Table 7-7 will probably be impressed by the substantial 
consistency among о values evaluated by different methods, but the specialist tends 
to concentrate on the differences. There ie one very interesting, difference in ‘ible 
7-7, that for vy of alkyl groups based on Eq. (7-33) compared with ci based on the 
ionization of 3, the latter values showing practically no elfect af inductive electron 
release and certainly no trend with increased branching. (The uncertainties asso- 
ciated with these substituent constants сап be found in the original literature.) Swain 
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etal, 


groups. 

"Tbe general chenucal reasonableness of the results in Table 7-7 is gratifying, but 
this does not constitute a demonstration that the separation of substituent effects 
into inductive effects and resonance effects is quantitatively possible, for these 
effects may interact so as to be nonadditive. Ritchie and Sager" express reservations 
about the approach in general, and other authors** have criticized results based 
on Eqs. (7-33) and (7-34). 

The chemical information available through LFER is primarily the reaction e 
stant p, but this value deperds upon the substituent constants selected for the 
construction of the LFER. The vr values available are vr, er^, a^, a^ or а®, and oy 
these quantities are listed, for many substituents, in Tables 7-1, 7-3. 7-4, 7-6, and 
7-7. A reasonable approach is to plot log k against the substituent constant defined 
by a standard reaction that is expected to be most like the reaction under study. Н 
is abo reasonable to plot log А ageinst several of the © quantities, seeking the buat 
correlation. [In choosing between nvo types of substituent constants, it is necessary 
to make use of substituents for which the two scales (say о and u^, for example) 
are ror themselves correlated, for otherwise both LFERS will be acceptzle 2°} The 
a" or o constants should be applicable 10 reactions that du not combine reaction 
sites and para substituents of the + and — type (push-pull systems capable of 
through resonance); for example, one would not expect o^ or 0° to provide good 
correlations for reactions of phenols or anilines substituted with nitro or cyano or 
for reactions of benzoic acids substituted with amino or methoxy. 

If the reaction series cannot be correlated with one of these univariate LFER, it 
may be possible to fit the data 10 Eq. (7-30). a multivariate LEER. Examples of 
this approach arc given by Ehrenson et al." 


using a statistical method, reached the same conclusion concerning alkyl 








The Reaction Constant 


The reaction constant p is a quantitative measure of the sensitivity of the reaction 
to the influence of substituents. Three factors combine to determine the value of 
к 


1. The transmission of electronic effects from the substituent to the reaction site. 
2. The reaction conditions of temperature and solvent. 
3. The susceptibility of the reaction to electronic effects. 


The transmission eflect is illustrated by the ionizations of ArCOOH, ArCH4COOH, 
and ArCH;CH;COOII, which have respective p values of 1.000, 0.489, and 0.212. 
The insuluting сосе of the methylene group interposed between the aromatic ring. 
and the reaction site produces а progressive decrease in p, amounting to а trans- 
mission factor of about 0.4-0.5 per СН» group. Similarly the transmission factor 
of the CH=CH group is 0.4-0.5, making this unsaturated pair of carbons about 
a5 insulating as а methylene group. 

The effect of reaction conditions on p can be pronounced, nd this factor must 
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be remembered when comparing p values, Fer example, p for the ionization of 
benzoic acids is 1.000, 1.537, and 1.957 in water, methanol, and ethanol, respec- 
tively. This phenomenon may be related to the ease of transmission of electronic. 
effects by а ficld cffcct through the solvent, and limited correlations of p with the 
reciprocal of the dielectric constant have been observed (see Section 8.3). The data 
for Resction 14 in Table 7-2 show the effect of temperature on o. The expected 
effect can be found by wriling the Hammet equation in this form: 


AG! = -2 MP log = —23R7po = BAH — TRAASS (7-35) 


CBAR AS 


Е -3 
23kTo * 2.3Ru 959) 


PET 
The substituent constant v is defined at a given temperature. If БАН! end B, AS* 
are independent of temperature, p should be linearly related to 1/T if all other 
conditions arc held constant. (The constancy of other conditions is not strictly 
possible, however, because the dielectric constant is a function of temperature.) 
Data are in reasonable agreement with this prediction.” 

The third factor controlling p, the susceptibility of the reaction to electronic 
effects, is of prestesi chemical interest. First, consider the sign of p. Iis merely 
expresses whether a reaction is facilitated by electron-withdrawing groups (p is 
positive) or by electron-donating groups (p is negative). Asa mechanistic inference, 
it is often etated that a positive р 
reaction site in the transition stete (or positive charge is lost); correspondingly, a 
negative p means that a positive charge develops at the resction site (or a negative 
charge disappears). Consider, for example, tbe sapunification (alkaline hydrolysis) 
of ethyl benzoates. Reaction 4 in Table 7-2. for which p = +2.27. This p value 
is consistent with nucleophilic stack by hydroxide on the carbonyl carbon, the 
electron density of which rs reduced by electron-withdrawing substituents. A neg- 
ийге charge is developed at the reaction site in the transition state, 5. 
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Reaction 12, the scic-catilyzed hydrolysis of substiruted benzamides, has р = 
—0.22, so the reaction is modestly facilitated by electron-donating groups. This 
suggests that protonation of the amide is kinetically important: 
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The electrophilic reactions of Table 7-5 are clear-cut examples of positive charge 
development and negative p values. 

Some cure is necessary, however, in making generalizations based on the sign 
of о. Let us compare Reactions 10 and 15. both of these being nucleophilic attacks 
on acid chlorides. Yet they have p values opposite in sign: 
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When writen in this way it is clear whet is happening. The mechanisms of these 
reactions are probably similar, despite the different p values. The distinction is that 
in Reaction 10 the substituent X is on the subsirare, its usual location; but in 
Reaction 15 the substituent changes have been made on the reagent. Thus. electron- 
withdrawing substituents on the benzoyl chloride render the carbonyl carbon more 
positive and more susceptible to nucleophilic attack, whersat electron donating 


substituents on the aniline increase the clectron density on nitrogen, also facilitating 
nucleophilic attack, The mechanism may be an addition elimination via a temahedral 
intermediate: 


Г i 
но c—cl— HO с сі 
1 


Z А +r 





or it may proceed by а direct nucleophilic displacement: 
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In any case, for both these reactions, 10 ard 1S, the same churge displacements 
are occurring. despite the opposite signs of p. The phrase development of positive 
(negative) charge ut the reaction site in the transition stare can be ambiguous. In 
Resctions 10 and 15 all reactants are neutral, and in the transition state some negative 
charge has been transferred from the nucleophile to the substrate. within which a 
redistribution of negative charge takes place. Charge separation is certainly taking 
place, but itis not clear whether there is any meaning in the statement that positive 
ог negative cherpe ix develrping at the reaction site 

Next we turn to the magnitudes of the p constants. Evidently if p = 0, there is 
no substituent effect on reactivity. Moreover because р = + 1.000 by definition 
for the aqueous ionization of benzoic acids, we have a scale calibration vf sorts. 
Wiberg gives cxamples of p as a measure of the extent of charge development in 
the transition state. McLennan" has pointed out that p values must first be adjusted 
for the transmission factor before they can be taken аз measures of charge devel- 
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opment. Poh?^** tekes the ratio of p for the reaction rate to p for a calibrating 
equilibrium as a measure of fractional charge development, and Williams“ has 
developed а similar system- 

More elaborate approaches make use of multiple substitutions to generate ad- 
ditional information. Considera reaction in which substitutions can be made at two 
sites, x and у, so that the observed response is а function of hoth shetinuents, 
fy). Expanding this in a Taylor's series gives 





ку) = „ә өгө 
fro) = Rad ойнот 
Pj P ё, 
tife -aP egy -0 +o -›ў | 
a 
(7-37) 
Jf y is held constant, Ey. (7-37) becomes, for small variations in x, 
Ах) = fla) + (x — at (7-38) 


whieh шау be seen as а Hammen equation for variation in the substituent 2, i. 





log К, = log Ko, + pox (7-39) 


where we equate р, with didy and oy with (x — a). Similarly, if x is held constant, 
ме get 


log ky = log Ko + роу (7-40) 
Returning to Eq, (7-37), if the Hammett equations (7-39) and (7-40) are obeyed 


Tor separete variations in x and y, we may take as a pood approximation that Pid? 
= Фо = Nand ААУ = dp, idy = O, and Eq. (7-37) becomes, in LFER form, 





ко; 


‘The quantity py, is called the cross-interaction constant. Only if poy is negligible 
does Eq. (7 41) become the additive relation: 





log = po, + ри, + 0.0.0. Ga) 





ы 





(7-42) 


Mille (им used Eq. (7-41) to correlate multiple variations, and this approach 
has more recently been subjected to consiclerable evelopment. Many cross-in- 
teraction constants have been evaluated; multiple regression analysis is one tech- 
nique, but Miller? and Dubois e al.*” discuss other methods. Lec сї al.**“? consider 


Pay do he a measure of the distance between groups x and у in the transition stute 
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and have developed empirical relationships between the cross-interaction constant 
and intramolecular distance. We can expect further application of Eq. (7-41) to 
mechanistic problem: 

Not all free energy relationships (Hammett plots) are linear. Aside from occasional. 
scatter or unexplained deviations from an otherwise linear plot, it sometimeshappens 
that the plot ie emooth but nonlinear. Two causer have bean i 
examples are known." PP: 187-925. 51 One causc is a change in a rate-determining 
step of a complex reaction. Each step (rate or equilibriurn) will havea characteristic 
susuepübility to clectionic effects and, therefore, its own p value, If the iate- 
detcrmining step changes at some position along the ir axis, the observed p will 
change, leading to curvature in the Hammett plot. Because ary step can a priori 
have any p value, the net result Could bc curvature either concave upward or concave 
downward. Jencks? bus described the analysis of such plots. 

The second possible cause of nonlinearity is a change in mechanism. Within a 
reaction series any change in mechanism must be such zs to provide a smaller free 
energy of activation for the reaction (otherwise the mechanism would not change) 
If a substituent effect can produce а change in mechanism, the result must therefore 
be curvature thet is concave upward. Figure 7-2 is a pa * plot fos the Syl solvolyses 
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Figure 7-2. Harrmett plot for solvelysis of substiauted rerhorz)l esters (7) aid maxborneny| esters (8) 
in 76:30 dionune:water at 25°C. 
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of two related reaction series," the syn-T-acyl-anti-7-norbornyl p-nitrobenzoates 
(7) and the syn-7-aryl-anti-7-norbornenyl p-nitrobenzoates (8) 


ХСН, ОСМО; Асен, OCgH,NO; 





Serien 7 giv 





ineur plot with p — 5.27, consistent with the Syl sucshauious 
Series 8, however, shows a discontinuity, which Gassmann and Fentiman® inter- 
preted as а change in mechanism. Compounds in series 8 are capable of imramo- 
кешш assistance (neighboring group panictpation by electron donation trom the 
double bond to stabilize the cation, as in 9. 





5 


Figure 7-2 indicates that this intramolecular assistance takes place with those com- 
pounds having substituents to the right of X = OMe (o^ = —0.78), fur in this 
portion ef uie u scale compounds 8 sclvolyze more rapidly than do 7. At the X = 
OMe member. however. the two series have essentially итий reactivities, and 
this behavior continues at more negative g '. It. therefore, appears that intramo- 
lecular participation by the double bond occurs when it is needed; when the X 
substituent is sufficiently electron-dorating to stabilize the cation, intumolecular 
assistance is nol needed, so it docs not occur, and the saturated and unsaturated 
series show the same reactivity. 














The Ortho Effect 


1 will be obvious that the treatment thus far includes only substituents that are meta 
‘oF para 10 the reaction site. When Hammett plots are made with data for orrho- 
substituted reactants, scatter diagrams usually result. This failure might be attributed 
to “steric effects,” but this is not very helpful, and many attempts have been made 
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to fit orvho-substituted reactants into фе LFER framework. Much has been learned 
from this work, and some success has been achieved, but it is a measure of our 
ignorance that when we carry out г structure—reactivity study of reaction mechanism 
we usually exclude ordi substituents, 

TafP* began the LFER attack on steric effects as pert of his separation of electronic 
and steric effects in aliphatic compounds, which is discussed in Section 7.3. For 
our present purposes we abstract from that treatment the portion relevant to aromatic 
substrates. Hammett p values for alkaline ester hydrolysis cre in the range 42.2 
io +24, whereas for acid ester hydrolysis p is close to zero (see Table 7-2) Taft 
therefore, concluded that electronic effects of substituents are much greater in the 
alkaline than in the acid series and, in fact, that they are negligible in the acid 
series. This left the steric effect alone controlling relative reactivity in the acid 
series. A steric substituent constant Ё was defined [by analogy with the definition 
of o in Eq. (7-22)) by Eq. (7-43), where k is the rate constant for acid-catalyzed 
hydrolysis of ан vrifasubetituted лиде cater aml Ay io Шю хлллузрхл Айе tate 
constant for the оғо тету! ester: note that CH; not H, is the reference substi- 
tuent." 


lor (8 (7-43) 


Table 7-8 lists these ortho E} constents. Ап LFER can now be written by analogy 
with the Hummett equation, 





log x = аң (7-44) 


where К, is the rate constant for the o-methyl-substituted member of a series. Тайе 
has had some success in fitting data te Ед. (7-14). More commonly. of course, 
both electronic and steric components are significant contributors to the observed 
tate effect, and Eq. (7-45), a multiple LFER, can be written 


k 
dog kom + pur + GER (7-45) 


TABLE 7-8, Ortho Steric Constants, ЕЗ 
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The ortho effect may corsist of several components. The “normal” electronic 
effect may receive contributions from inductive and resonance factors, just as with 
meta and para substituents. There may also be a "proximity" or field electronic 
effect hat operates directly between the substituent and the reaction site. In addition 
there may exist a true steric effect, as а result of the space-filling nature of the 
substituem (itself ultimately an electronic effect). Finally it is possible that non- 
‘covalent interactions, such as hydrogen bonding or charge transfer, may take place. 

‘The role of the solvent in both the initial state and the transition state may be 
different in the presence of ortho substitution. Many attempts have been made to 
separate these several effects. For example, Farthing and Nain’? defined an ortho 
substituent constant in the usual way by о, = log (K/K,) for the ionization of 
benzoic acids, postulating that ex, includes both electronic and steric components. 
They assumed that the electronic portion of the ortho effect is identical to the para 
effect, writing тє = т, and that the steric component is equal to the difference 
Letween Ше total effect and айе аис effect, OF us = ue — ор. They then 
used a multiple LFER to correlate data for ortho-substituted reactants 














k 
lgy = ests + рите (7-46) 


Many other definitions of an ortho substituent constant v, have been made; 
Shorter has reviewed these. Charton” analyzed о, in terms of от and op, i.&., 
ат. = am, + ara, freding that the distribution of inductive and mennanee effects 
(the ratio a/b) varies widely with the substituent and, therefore, that no general vo 
scale is possible. Cherton also subjected Et to analysis according to Eq. (7-47), 


Ei = соу + Por + ùr, (7-47) 


where г, is a рор van der Waals radius. He found, for aromatic ortho substituents, 
that аў wes negligible and, therefore, concluded that the ortho effect is purely 
electronic, having no steric component. This conclusion is rot universally accepted. 
however. In later work, on the reaction of ucids with diphenyldiazomethanc, Charton’? 
detected а significant steric contribution to the ortho effect; this st 
be cither acceleratory or inhibitory. 

Fujita and Nishioka" have attempted to place urtho effects on the same numerical 
scale as mera and para cfiects. They assume that the normal ortho electronic effect 
can be represented by the standard substituent constant appropriate to the reaction 
fu, a, с, 0%), that the steric effect is given by Ez, and that the proximity effect 
is measured by the Swair-Lupton F.*° Then a multiple LFER is writen 





fuctor could 








log 59 
k 





= Pomp + BES + JF (7-48) 





where data for ortho, meta, ard para substitution are combined. This is an interesting 
approach, although the particular choicesof qu 





tative measures may be improved 
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Thus, Segura" replaced w with a scaled energy change. obtained by a molecular 
orbital calculation, for this proton transfer: 





Or aa 


Berg et al. defined a different ortho steric constam. The model reaction is the 
quaterrization of substituted pyridines with methyl iodide in acetonitrile solution. 


Me 
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A plot of log (Kiky) against pKa (this is called а Brpnsted-type plot, as we will sce 
in Section 7.41 for meta- and para-substituted pyridines gave an LFER describing 
“normal” behavior. On this same plot the ortho-substituted pyridines all fell below 
the т and p reference line. The steric constant was defined as the vertical distance 
between the reference line [whose equation was log (E, ЛА) = 0 35 ОК. — 1.731 
and the result for the ortho compound, or 


Fa 


S = log ee (0.35 pK, — 1.73) (7-49) 





Because S" is пот well correlated with FX, these two steric constants contain different 
information. Berg et al. conclude that 59 is a measure of the pure steric effect 


Conclusions 


Research on the nature of substituent constants continues, with results that can 
bewilder the nonspecialint. The dominant approach is a statistical one, and the mein 
goal is to dissect substituent effects into separate electronic causes. This has led to 
а proliferation of terms, symbols, and conclusions. A central issue is (here we 
change terminology somewhat from our earlier usage) to determine the balance of 
field and inductive effects contributing to the observed polar electronic effect. In 
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terminology inductive wefers to through-bend displacements as а consequence 
of differences in clectronepativities of the bonded atoms: the field component is the 
direct clectrostatic interaction through space (i.e... through the solvent or through 
uwlecular space), which is dependent upon group dipole moment and the effective 
dielectric constant. The inductive substituent constant o actually includes both the 
inductive and field cffects, and opinion varies as to the balance of these effects 
represented їп dy; Keynolds""^ concludes that the field effect predominates. Тай 
and Topsen®® write 


k 
log i eror + рут, + раа + 





where subscript F denotes the field effect; x, the electronegativity contribution; о, 
the polarizability; and R, the resonance effect. ‘The electroncgativity term is пер. 
ligible for distant substituents, Levit and Widing“ fined a simple relationship De- 
(ween тү and the number of carbons in an alkyl group; these authors disagree wi 
Charton’s view?! that су does not vary with the size of the alkyl group. (We wi 
return to this eunuoversy over the inductive effects ot alkyl groups in Section 7.3.) 
Charton"" has attempted to resolve the resonance effect into components as follows: 








k 
lor = 101 + Do, + Ro, 


Here the a, term includes the field and inductive effects, v; describes the insrinsic 
delocalized resonance when the electron demand by the active site is negligible, 
and о, describes the sensitivity of the substrate iu responding ro electron demand 
by the active site 

Because the entire subject of LFER is empirical in nature, these attempted ex- 
tensions of the field шау be justified, provided they шее! reasonable criteria of 
Cheinical and statistical significance. Whether or not they will successfully extend 
our ability to correlate data or will lead to improved physical insight must be 
established by further ettort. For the present, however, the experimentalist probably 
should hase interpretations on the quantities und concepts outlined сайт in this 
section, for the essential worth of these simpler ideas his been established by 
example and practice. 
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Clectronic Effects 


The Hammett type of correlation fails with aliphatic substrates just as it does with 
orthu-substituted aromatics, Тай provided the first successful correlations of al- 
iphatic reactions by developing quantitatively au caily suggestion of Ingold's** that 
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polar and steric effects might be separated by measuring the relative rates of alkaline 
and acid hydrolysis of esters. Taft's treatment requires these assumptions: 


1. БАС? terms arc additive functions of polar, resonance, and steric effects, 
2. In the acidic ard alkaline hydrolysis rates of the sume ester, the steric and 
resonance effects с the same. 3 | 
З. ‘The polar effects are much greater in alkaline hydrolysis than in acid hydrolysis. 








The difference ВАСА. — ВАСІ {ог ап ester bydrolysis should, if these 
assumptions are valid, be a measure of the polar effect in the substituent. Taft 
defined a polar substituent constant о* based on these ideas: 


1 k e , 
«шы =(@, ~ (8) | (7-50) 


lys is the relative rate of alkaline hydrolysis of ester RCOOR’, with K^ being 
the rate constant for R = СН»; (K^), is the relative rate of acid hydrolysis of the 
same ester with the same solvent and temperature; und 2.48 is a factor that places 
о“ on about the same scale as the Hammett о values. Table 7-9 lists u* values Гог 
aliphatic substituents.**°? | 

An equation сап now be written by analogy with the Hammett equation. 


log a = prot (50 





antrge$ Polos Substitucat Covstants, о, for Aliphatic Substates X-R. 
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Source: Reference $4, except as noted. 
“From Reference 65. 
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Equation (7-51), the Taft equation, provides good correlations for many aliphatic 
reactions. The scope of this relationship is illustrated by Table 7-10. The reaction 
constant рё has been interpreted aleng the lines described for the Hammett p values. 

Correlations with c* in carboxylic acid derivative reactions have been most 
successful for variations in the acyl portion, R in RCOX. Variation in the alkyl 
portion of esters, R' in RCOOR’, has not led to many good correlations, although 
use of relative rates of alkaline and acidic reactions, as in the defining relation, can 
generate linear correlations. The failure to achieve satisfactory correlations with o* 
for such substrates may be a consequence of the different steric effects of substituents 
in the acyl and alkyl locations.” It has been shown"? that solvolysis rates of 
some acetates are related to the pK, of the leaving group, that is, of the parent 
alcohol. The pK, of alcohols has been correluted with #5473 hut this relationship 
requires о? to refer to R in RCH;OH. When pK, is plotted against o* for R in 
ROH, the linear correlation is lost, presumably because of a steric effect. This 
steric influence is paralleled in ester reactions, und Robinson and Mathes? huve 
demonstrated good LFERs between many ester solvolysis rates and pK, of the 
parent alcohols. Because of the dearth of accurate pK, values for alcohols, they 
then used this correlation то justify adoption of a secondary standard, the rate or 
alkaline hydrolysis of esters of 3,5-dinitrobenvoic acid at 25°C in 40% acetonitrile. 
BRAG" for this reaction, with the methyl ester as the reference compound, was used 
as the substituent parameter to give LFERs for many ester reactions. Interestingly, 
some electrophilic aromatic substitution reactions of substrates with aliphatic sub- 
stituents also gave LFERs with the substituent parameter. 

Fundamental to the interpretations of o* as a measure of electronic effects is the 
validity of the assumption that the steric effect is identical in acid- and base-catalyzed 











Танк 7-10. Some Reactions Correlated by се 








No. Reaction Solvent we Ll 
1 Myirolysis of ROOMS Саву 
2 lonizain of RCOH Water 25 172 
3 Avid пулум» uf RCHOCoH S): o» 2 -365 

dioxane 
4 Jonizatin cf RCH.OH Isopropyl n 136 
ale 
5 Sulfation of alcohols, ROTI 180,110 25 400 
6 Acxtone iodination cvalysod hy RCOOH Water 25 m" 
7 Nitamide decompm. catalyzed by RCOO- Маш 15 -143 
н Асі hydrolysis ОНОК Water 15 -617 
9 log (kefka) far hydrolysis of CHSCOSR 43% acetone 30 149 
0 Tonization of RN” Water 35 314 
" losiciticn of АСКО н: Water E m 





Source: Reference 31, excepi ав noted. 
"Defining reaction. 

‘Reference 201, pK, plowed agairst X^ for R plus the H stoms 
“Reference 202 
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ester hydrolysis. These reactions are believed to proceed via a tetrahedral inter- 
mediate,” formed as shown in Scheme E 


“OH он 
1 | 
R—C—OR' =  R—C—OR' 
Acid | 
он "он, 
| 
1 
о o 


1 | 
R—C—OR' =  R-C—OR' 
Baso c 1 
o он 
| 


n 
Scheme I 


The assumption, therefore, consists of the belief that the steric effect of R on the 
attack by Н.О is identical to that by OH’, which is reasonable on the tasis of the 
sizes ol these species (although solvation effects may be different in the two rc- 
actions). It appears likely that this assumption of steric identity is a very good one 
when the electronic substituent effect is large (so that a small error introduced by 
incomplete steric cancellation is relatively unimportant), whereas it may not be a 
sound assumption if the electronic effect is small or comparable to the steric effect. 
‘This latter circumstance may be the cause of a continuing controversy concerning 
the meaning of c. On one side are those workers who believe that п* is a 
quantitative measure of polar effects, as originally proposed by Taft." Kanerva 
and Furuntc? make mechanistic use of o*, although they caution against basing 
correlations only on alkyl substituents. Leviti and Widing® have reevaluated a* 
for alkyl groups and conclude that it measures the inductive effect. It has become 
Common pructice t0 write the Taft equation in terms of the inductive constants тү, 
thus log (k/ko) = р, and some authors give equations for interconverting oy end 
9*.%©7° Discussions of the validity of o* are therefore sometimes phrased ir terms 
of vs. Recall from ‘Table 7-7 thar Charton found c, to be invariam for alkyl groups; 
thus Levitt and Widing“ and Reynolds® disagree with Charton” on the meaning 
of u*. С®апоп?!?? and Detar”? have concluded that o* of alkyl groups is simply 
ап artifact, probably measuring some residual steric effect. It is interesting that 
quantum mechanical ealculstions of the net charge on methyl groupe in alkanes R— 
CH, correlate linearily with o* of the R group, this result hus been taken as 
substentisting the calculations," so it would be circular reasoning to use it as 
evidence for the validity of o* as а measure of the electronic inductive effect. 

At this time it seems reasonable to accept a* or сү as rueasvres of the polar effect 
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(consisting of the inductive and field effects) fox groups Шай aie quite polar relative 


to alkyl groups. Whether or not с^ for alkyl uroups is an artifact or a measure of 


electron releasing ability is unresolved, and both points of view can be found in 
the literature. 


Steric Effects 


If the assumptions underlying the Taft treatment of the separation of electronic and 
steric effects ure valid, then the relative rates of acid eatulyzed reactions vf esters 
should be a measure of the steric effect. Taft? accordingly defined a steric constant 


Es by Eq. (7-52). 
k 
Bs = log (9, (752) 


In this definition & is the rate constant for ССОО! and K is the constant for 
RCOOR'; thus Es = 0 for R = CH,. Table 7-11 lists some £; values. Taft's Е, 
steric constants arc in some instances based on averages of several different reac. 
tions, so MacPhee et al. bave defined a steric constant К: by Eq. (7-52) for a 
Se mation, namely, the acid-catilyzed esterification of carboxylic zcids in 
methanol at 40°C. E% values arc also gi - i i 
RERUM AUC. Es al so given in Table 7-11. Additional Es and Ez 














‘Tabu 7-01. Steric Constants for R in RCOOR" 














R te 2 n E Е? 
" її? вси. 176 
(0.0) PhMet— = 
n сов rene = 
RE -0.31 Phc- v 
m 0.48 PI;CHCH.— -038 
a Em -0.31 FCH— -024 
M -100 F.CH— -U67 
оз oec 110 
p -143 aa 0.24 
н =100 ки E 
pO uos oe К 
кең. -051 -04I ШЄН;— -—027 
zem -07 -06 вын E 
His -110 -0.92 Br = 
NEL o S 
CH—CHCH,— - F 
M a = 
РСН: = 0.38 Вг 
PIC Mey — -us 1 = 
тан ts0 њоси. 








"From Reference 54. 
"From Reference 80, 
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An LEER lor steric effects is now written in rhe familia: form: 








(7-53) 

Tf electronic effects are not constant in the reaction series, a multiple LFER is used: 
k : 

log (3 = prot + BÉS (7-54) 


(Some authors use a; instead ого? as the substituent constant in such correlations.) 
Ап example is provided by the aminolysis of phenyl esters in іолапс“, the sub- 
strates RCOOPb were reacted with n-butylamine, and the observed first-order rate 
constants were related to amine concentration by Кы, = kz [amine] + 4s [amine]? 
‘The rate constants ky and k+ could be correlated hy meansot by. (/-24), the reaction 
constants being р“ = +2.14,8 = + 1.03 (for ka) and p* = 43.03, 8 = +1.08 
(for ka). Thes, the two reactions are about equally sensitive to steric effects, whereas 
the amine-catalyzed reaction is more susceptible to electronic effects than is the 
“uncatal |” reaction. 

Tris chvinus, from someof the series of substituents in Table 7-11, that the steric 
constant reflects intuitive notions of group size, ard Taft™ pointed out close parallels 
with van der Waals radii. For asymmetrical groups a single van der Waals radius 
савоб be defined, and the situation is complicated hy conformational flexibility. 


Nevertheless, empirical relationships can be established, and Kutter and Hansch** 
gave Eq. (7-55), 











Es = —1.839F, + 3.484 0-55) 


where ў, is the mean of the minimum and maximum van цег Waals radii of the 
group. Equation (7-55) has been used to obtain £s estimates of groups for which 
reactivity data are unavailable Dubois et al. have analyzed their EX constants in 
terms of conformational preferences of substituted alkyl groups. Charton® defined 
a steric parameter in terms cf van der Waals radu, but Gallo has shown thar 
Chacton's parameter is Hincurly related to Es, so it contains the same information. 
DeTar™ concludes that Е; corrects some crrors in the Es values, but that ES is on 
a slightly different scale than is £y (that is, if © = 1.000 for Es, then 8 + 1.000 
for RD). 

Within some limited series of substituents it appears that Es is correlated with 
o*, which is not unreasonable, because the electronic effect of a group is in part 
related то the size of the group. DeTar^* has discussed this maner. Kramer bias 
demonstrated well-defined familial relationships between £z and o* and concludes 
that Ef possesses some polar character. 

‘The steric constant Es and related quantities do not constitute the only approach 
to the study of steric effects on reactivity. Steric strain energy calculations and 
topological indices are more recent approaches. 5 Qualitative concepts have been 
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important in accounting for steric effects iti urgunte chemistry; a 1990 book edited 
by Newman* remains a classic resource. Brown, who made important contri- 
butions to steric effect studics, has called attention to the role of steric strain in the 
initial state and its iclief in Ше tranisttion state as a contributor to steric enhancement 
of reactivity. 

A very interesting steric effect is shown by the data in Table 7-12 on the rate of 
arcid-caralyzed esterincation ol aliphatic carboxylic acids. The dissociation constants 
of these acids are all of the order 105, the small variations Presumably being caused 
by minor differences in polar effects. The variations in esterification rates for these 
acids are quite large, however, so that polar effects are not responsible, Steric 
effects are, therefore, implicated; indeed, this argument and these data were used 
ко obtain the Es steric constants. Newman has drawn attention (o the conforma- 
tional role of the асу! group in limiting access to the carboxyl carbon, He represents 
‘maximum steric hindrance 10 attack as arising from a coiled conformation, shown 
for n-butyric acid in 5. 











он 
Some 
2 Й 
CR 4 $ 248 
Se ру 
He 
5 


Maximum interference arises from atoms in the 6 position, numbering from the 
carbonyl oxygen. Thus. «-butyric acid, which has three atoms in the 6 position, is 
said to have а 6 number of 3. The higher the 6 number, the greater the possible 
steric resistance to ester formation.**: ©”: 4 This is called Newman's rule of 6. The 
Fates in Table 7-12 show that this rule is severcly limited as a quantitative tool, but 
a plot of relative rates Касоон/'Кснусоон against 6 numbers does reveal thata sriooth 
envelope of maximum rates is developed: individual acids may react much slower 
than this, but the rule gives a rough guide for estimated maximum esterification 


Fates. Brownsicin et aL" have presented "С NMR data showing nonbonded in- 
teractions consistent with the rule of 6. 


7.4 SUBSTITUENT EFFECTS IN REAGENTS 


General Acid-Base Catalysis 


‘The rate constant for a general acid- or general buse-catalyzed reaction increases 
as the acid or base strength of the catalyst is increased. For many such systems 
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Tesis 7-12, Kinetics of Acid Catalyzed Esteríication of Aliphatic Acids 








Acid шым? уе kecon 6 number 
Kargceon. 

CIBCCOK. 132 10 H 
сн,сн,соон ш па a 
снусь;сльсооп 2 [p 
4CTISCHCOOR 40 0.333 o 
(CH CCOOH. 495 0.037 v 
(CH; CHCH;COOH. 154 оп? 6 
(Cilg)sCCH.COOH 3.09 0.023 э 
(CH; CHCH;.CH;COOH вл m 3 
(CHsNCCEGCH;COOM аа ve Я 
сыси;снстьуссон Ba 0.099 
(CH), CCH/CH)COOH 0.0817 0,000 62 9 
(CH) CCICH)COOH, 00170 0.000 13 2 
(CH SCCHLCTMCH COATT 203 0401 5 3 
(CH), CHCH(C;H))COOH 0.0780. 0.000 59 
(CH,CH}CCOOH 0.0214 0.000 16 9 
ICH». CHÍGCHCOOR м 2 
(n CH) CHCOOH 140 0.008 3 $ 
(CH) CCH(CGESCOOH Nil 1 





Source: Reference 88 (Chap. 4). 
“At AUC in 0.005 М HCI ш methanol. 


od LFER are observed; indeed, it was in these systems thal the concept of ЕЕК. 
Was first recognized. The relationships are often written as Eq. (7-56) for general 
acid catalysis and Eq. (7-57) for general base catalysis, 





ky = САК, (7-56) 


Аъ — Ов) (7-57) 


where K, is the acid dissociation constant of the conjugate acid, These can also be 
written in linearized form: 


Jog ka = арк, + log Ga (1-58) 
log ke = BpK, + log Ge (1-59) 


These equations are called Bréusted relationships and the parameters @ and В are 
Brénsted coefficients "^? / 

а ran gain seme t into the meaning af the Rrýnsted relationships by 
means of the following development. Let us write a Hammett LFER for the acid 
dissociation constants of a series of acid catalysts, namely, log (ККЗ) = рю; 
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and апошег Hammett equation lor the rates of acid catalysis by the same set of 
acids, log (ЕМ) = ралат. Dividing one of these by the other gives 


log ky = a log Ka + log ИК) 


where we have written (рео) = o. This result is identical in ferm with Eq 
(7-58), and it leads to an interpretation of the coefficient o. If the catalytic reaction 
is an clementary reaction, the catalytic process is a proton transfer that is partially 
accomplished in the transition state “Te mid dissociation equilibrium is a process 
in which the proton is fully transferred in the product state. Thus, the табор, „Јр, ал 
should be a fraction denoting the extent of proton transfer in the transition state of 
the catalytic process. A similar argument upplics to the cocfficient [.. In qualitative 
terms these limits of 0 and 1 for o and have this meaning: Taking acid catalysis 
for illustration, a negative value ef c would mean that increasing acid strength 
resulte in dooreaced catalytic activily, aud diis i inconsistent with the notion of 
acid catalysis as a protor-transfer phenomenon, An oc value greater than unity, on 
the other hand, would mean that log k, is increasing faster than is log K, within 
the reaction series, und this too 15 not consistent with the normal view of acid 
catalysis, All known Brénsted plots for nitrogen and oxygen acids and bases appear 
to yield e and В values between 0 and 1; examples are given by Bell 929“ Figure 
7-3 is a Brénsted plo! for the decomposition of nitramide catalyzed by substituted 
anilines; this was the first example of a general base-cataly zed reaction 21° 








Њ№0О, > H20 + №0 


The slope of the linc, and, therefore. В. is 075 И is very commonly observed 
that a Bryinsted relationship holds well only for a series of avid or base catalysts 
that are structurally very similar. 


N 


log by 


m» 





Figure 73. Brónsed plot for the deconpestion of nitramide catalyzed by substituted anilines 
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When Brénsted. plots apply to the rates and equilibria of the same reaction, а 
further restriction can be written for the coefficients. Let the generalized reaction 
scheme be 


ka 
n 





ky 


and assume that Brénsted relationships apply to both the forward (acid-catalyzed) 
ard reverse (base-catalyzed) steps. the rate constant ka correlating with the equi- 
librium constant K, = ka/én, and ky with 1/K,. Then, applying Eqs. (7-56) and 
in the equivalent form common to all linear free energy relationships 








D к. 
leg jg = «юру 

D (VK) 
Lo = B юв ле, 


where the superscripted quantities refer, as usual, toa reference compound. Equation. 
(7-60) follows. 


алы kt 


йш Kye D 





(7-60) 


Therefore a + p — 1 

The reader may now recall the discussion in Section $. 
of the Energy Barrier,” on comelitions of rates and cqui 
tions and the interpretation of the slope a from such LFER as a measure of the 
position of the transition state elong the reaction «oondinate. It will now be appar- 
ent why the term Brénsted coefficient is applied both to this quantity and also to 
the slope of LFER according w Eqs. (7-58) and (7-59). The interpretation of m 
ard В from Eqs. (7-58) and (7-59) as measures cf fractional progress along a re- 
action coordinate may ће misleading when the reaction is complex, and caution is 
appropriate. ! m2 

The existence of Bryinsted relationships affects the experimental problem of de- 
tecting general acid or base catalysis. This is clearly shown by an example given 
by Bell.” Consider the rea under study вз carried out in an aqueous solution 
containing 0.10 M acetic acid and 0.10 M sodium acetate, and suppose that the 
Brénstcd cquation applics. Three catulytic species arc present; tiese aic 10, witli 
pK, TA; HO, pK, 15.74 and IO Ac, рК, 4.76.52 P- 121-599, ep- 9E 3:95 The 
concentrations of these acids are 1.76 x 10? M, 55,5 M, and 0.10 M, respec- 


























E кемметна, connus 
lively. Then the fraction ot the total catalytic effect produced by any onc of the 
acids is given by 7 


күү 


fraction of catalysis by acid i = a Ul. 
ysis by acidi = укы 


Table 7-13 gives these fractions for the three acids assuming hypothetical Drnsted 
cocfficients of0.0. 0.5. and 1.0. а clearly measures the susceptibility of the reaction 
to catalysis by acids of corresponding suength. When a = 0, the reaction i» very 
sensitive to the wenkest acid, which is the solvent, if a = 1, the lyonium ion, 
which is the strongest possible acid, is the most effective catalyst. It, therefore, 
appears that gencral acid (or general base) catalysis can only be detected if the 
Brénstce. coefficient is in the intermediate range. This is correct if the Brénsted 
equation is accurately followed. IF. however, the slope is unity but the point сос 

responding to HjO~ should show a negative deviation from the line, then general 
acid catalysis can be detected. This foruitows circumstance occurs in the general 
sci catalysis of the hemiacetal formed by the addition of lydivgen paroside tn p- 
chlorobenzaldehyde."* The detection of general base catalysis in the presence of 
specific base catalysis has been analyzed." 

When a Drénsted plot includes acids or bases with different numbers of acidic 
Ог basic sites, “staristical” corrections are sometimes applied; in effect, the rate and 
Equilibrium constants are corrected to a "per functional group" basis. Ian acid hes 
V equivalem dissoctable protons and its conjugate base has g equivalent sites fer 
proton addition, the statistically corrected forms of the Brnsted relationships аге 








kog (Ey 
2-0 (6 , 

Р Р 7-61) 
fo og ( p y 

25 Gs | 4 

q в ma (7-62) 





The exyivilency of sites required for the application of these cquatiuns is seldom 
fourd in practice. although many authors apply these corrections. Benson has 
described an alternative procedure in which the rate and equihbrium constants arc 


лз 7-13. Acid Catalysis in 0.1 M Acetic Acid-D.1 M 
Sodium Acetate Buffer 
— 
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corrected by factors consisting of statistical mechanical symmetry numbers. In 
designing catalytic studies it seems advisable to choose acids and bascs that require 
minimal adjustments of this турс. 

lt may be necessary amd possible to achieve a good Brénsted relationship by 
adding another term to the equation, as Toney and Kirsch” did in correlating, the 
effects of сагі amines cn the catalytic activity of a mutant enzyme. A simple 
Brønsted plot failed, but a multiple linear regression on the variables pK, and 
molecular volume (of the amines) was successful. 

Finally wc should note that the demonstration of a Brénsted relationship doss 
not constitute proof that gencral acid or general base catalysis is occurring. Because 
of the problem of kinetic equivalence of rate terms, we may not be able unequiv- 
cally tu distinguish between these possibilities: 





1. General acid catalysis (HA). 
2. General basc-specific acid catalysis (A-XH*). 

B: Geil base catalysis (B). 

4. Genera acidipecfi base catalysis (BH WOH) 


There is also the possibility of mistaking aucleophilic catalysis for general base 
catalysis. Table 6-4 outlines some experimental techniques for distinguishing be- 
tween these possi 





Nucleophilicity in Acyl Transfers 


When a Bijusi bine functions Celalytivally by sharing an electron pair with a 
proton, it is acting as & general base catalyst, but when it shares the electron with 
ап atom other than the proton it is (by definition) acting as а nucleophile. This 
other atom (electrophilic site) is usually carbon, but in organic chemistry it might 
algo be, for example, phosphorus or silicon, wheren: in inoryanic chemistry it could 
be the central metal ion in а coordination complex. Here we consider nucleophilic 
reactions at unsaturated carbon, primarily at carbonyl carbon. Nucleophilic reactions 
of carboxylic acid derivatives have been well studied. "| hese acyl transfer reactions 
can be represented by 


o о 
[|] 1 2 
М +R—C—X > R—C—N + X 


where N: is the nucleophile and X^ is called the Jeavizg group 

The most common manifestation of a structurc-reactivity correlation in a reaction 
senes of this type is a plot of log A for the reaction against pK, of the conjugate 
acid of the nuctcephile. Of course, this is identical with the graphical presentation 
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We called a Brénsted plot in studies of general acid hase catalysis. In the literature 
the term Brénsted plot is ofien applied to nucleophilic reactions, although some 
authors qualify such applications by speaking of Bryimsted-type plots, as we will 
If the substrate КСОХ is held constant and the structure of the nucleophile i altered, 
the slope of the Brónsted-type plot is labeled Bru: ifthe nucleophile is beld constant 
and the teoving, group is altered, the slope of the plut uf lug t арип pi, cf the 
conjugate acid of the leaving group is By 

These Brénsted-type plots often seem to be scatter diagrams until the points are 
Collated imo groups related by specific structural features. Thus, p-nitrophenyl 
acetate gives four separate, but parallel, lines for reactions with pyridines. anilines 
imidazoles, ard oxygen nucleophiles." Figure 7-4 shows such a plot for the 
reaction ot trazs-cinnamic anhydride with primary and secondary aliphatic amines 
to give substituted cinnamamides. '' All of the primary amines without substituents 
on thea curhon (R-CH2-NH,) fall оп a line of slope 0.62; cyclopentvlamine als 
lies on this line. IF this line is characteristic of "normal" behavior, most of the 
deviations become qualitatively explicable. The line druwn through the secordar 
amines (slepe 1.98) connects amines with the structure R-UH, NH. CHR. ть 
different steric requirements in the acylation reaction and in the model process 
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Figure 7-4 Bninsted ype plor for rezetion of aliphatic amines with cinnamie anhydride tt 2€ in 


acetonitrile: the pK, values arc for the 
чеш: secondary amines. ‘coma aciós in water. Open circles: primary amines; closet: 
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(protonation) can account for the negative deviations, nearly all of which occur 
with amines carrying a substituents. The nucleophilicity of the alicyclic amines is 
greater than Urcit basicity would suggest; this enhanced reactivity might he a con- 
sequence of C-N C bond angle contramts.®? Some of the behavior in Fig. 7-4 
may follow from the use of a model process in water to correlate a reaction in 
acetonnrie. 

їп a true Brónsted plot of gencral base catalysis the slope 3 may bc a reasonable 
measure of the fractional bond formation between the catalyst and the proton in 
the transition state, because the standard equilibrium provess closely models the 
rate process being correlated. It is in this sense that LFERs are said 10 be probes 
of transition state зисте. Whether or not Bia. and fj are measures of fractional 
bond formation und bond cleavage. respectively. in nucleophilic reactions is de- 
batable. Certainly these quantities carry information about the transition state, but 
they may not be simple fractional bond orders. although this interpretation is often 
made. One problem, however, is that in these Bifinsted-type plots the standard 
reaction (equilibrium basicity toward the proton) is substantially different from the 
rate process being correlated (nucleophilic attack on sp* carbon). This difference 
contributes an ambiguity to the meaning of Brus nd В; in fact, the slopes of these 
Bránsted-type plots may even exceed! unity. Some authors have sugersted that ratios 
of the type Duis Bag ore the appropriate normalized measure of fractional bond 
formation, where Bega is the slope of a plot of Юр Ky, against рК. Kens being 
the equilibrium constant for the reaction." Another problem is that few acyl 
transfer reactions are eleueutary iacens; this is diccucned below. Vet another 
issue is the possible interaction between bond formation and bond cleavage. This 
can be investigated by examining the dependence of Bue on the pK, of the leaving 
group, and the dependence of Py On the pK, of the nucleophile. The existence of 
such dependencies means that interpretation of only one bond change (say, by 
means of В...) when another is also occurring may be misleading. We earlier 
discussed this matter in the context of Hammett plots, obtaining Eq. (7-41) and the 
Cross interaction constant р,,, which describes the interactions between substituents 
ard bond changes at two locations in the transition state. Ba-Saif et al.'™ "° found 
linear dependencies of Paue оп РК, and of Bhe on рК; for these acetyLtranster 
reactions: 





Arty + CH,COOAK > СН.СООАг + “OAT 


They were able to infer 6 forthe identity reaction in which Ar = At’, and interpreted 
the results in terms of a More O'Ferrall. Tencks diagram of the type described m 
Section 5.3. 

Sometimes Brénsted-type plots arc curved. Many possible causes of such cur- 
vature have Levi discussed. 


1. The curvature may be an artifact of a selection of nucleophiles of mixed structural 
types chosen to display n wide rauge in pK "^ Duncel ct al. varied pK, by 
changing the solvent composition over a limited range rather than by changing the 
structure. They studied the reaction between X-Cell,-O and p-nitrophenyl acetate 
in 40-90 mol% dimethylsulfoxide-water mixtures; with just tuse X substituents 
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Combined with the solvent variation a pK, range of 9 to 18 was achieved. This 
kind of experiment possesses its own difficulties, but the approach is interesting 
2. Diffusion-limited rate control at high basicity may set in. This is more commonly 
seen in a truc Brfnsted plot. If the rate-determining step is a proton transfer, and 
if this is diffusion controlled, then variation in hase strength will not alfect the rate 
of reaction. Thus, B may be zero at high basicity, wheres: ar low basicity a 
dependence on pK, may be seen." Yang and Jencks! show an example in the 
nucleophilic attack of aniline on methyl formate catalyzed by oxygen bases. 

З. If the reaction is complex, s change in the rato determining step may take plae 
along the pK, scale. Most acyl transfers are thought to take place via a tetrahedral 
intermediate, as in Scherre Il. 


o 
ho] h 
N. + RCOX — R-C-X — KUUN + X: 
ИИ | 
N* 


Scheme H 





Applying the steady-state approximation to the intermediate gives kas = АСЕ ll) 
+ Ш, where Ку, is the observed second-onler rate constant. The ratio АД, de- 
verbes the “partitioning” ofthe intermediate between lie recane and produc slates, 
or the relative leaving abilities (nucleofugalitics) of N: and X:. Each of the rate 
constants ш. Scheme II has its characteristic sensitivity to changes in N: and X:, 
and the observed vueffiients oy. and Phys therelore, depend upon the composition. 
Of kes- I ky < ka, then Бы, — ky, the first step is rate limiting, Bye should be a 
fairly straightforward measure of the sensitivity of nucleophilic attack to basicity. 
and Кы, should be correlate with pK, of the leaving group. [These observations 
have been taken as evidence for the tetrabedrz] intermediate mechanism.'9*] On the 
other hand, if k , > ka, then kun = БЫА 4, the second step is rate limiting, and 
Киз i$ now a composite quantity 

For these two limiting cases let us write Brønsted-type relationships lor variation 
in the nucleophile, namely, 








ki = GUK ney 


m 
у,” GAUK) (7-64) 


The steady-state expression can be written 


(7-65) 
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Combining Eqs. (7-63)-(.65) yields 


ig = Oe (766) 
C GAK) Pt + СК) ®? 


= Br second step is rate 

i rale determining, B. = Pi; when the second st 

em er t рә. а change Ii the ше басла sep occurs ovr Ше 

pK, range studied, a curved Brinsted-type plot will be observed (unless By = Б), 

Eq. (7-66) describing the curve quantitatively. In the special case K, = ke, we 
hae fone = A2; letting kaa = Kes and Ky = КО for this case, we get 








Solving for Кї gives 


; 
— — log (G'G) (7-67) 
arp) FO 





Equations (7-66) and (7-67), ot related! versions, have been used by Hupes and 
Jencks" and by Castro and co-workers!" to account for curvature. The quantity 
pK defines the center of curvature of the plot and is expected to occur when the 
pK, of the nucleophile is equal to the рК, of the leaving group. Fer s 
nucleophiles (pK, < ре). breakdown of the tetrahedral intermediate will be rate 
Helermining, hecause the leaving group X: is a stronger nucleophile than is N:, so 
ky < Kai if, however, pk, > рК, the nucleophilic attack is rate determining : 
4. The reaction mechanism may change in tke reaction scries, and this should reve 1 
itself in the Bréneted-type plot as 2 change in slope As noted above. ЕЯ Pot 
transfers seem to take place via the two-step process shown in Scheme II. A direct 
displacement is also possible, as in Scheme Ш. 





о 
I 
N: + RCOX | месх |— RCON + X: 


| 
R 


Scheme Ш 


‘There is disagreement about the importance of the direct displacement mechanism 
in these reactions. "^? Yet another mechanistic possibility is for reaction via the 
acylium ion, Scheme IV. 


RCOX =RCO* | X: 
RCO" +N: + RCON 


Scheme IV 
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Acid chlorides, whivit have a very good leaving group (low basicity and nucleo- 
philicity), may react in this manner. 

Another type of mechanistic change is a switch [rom gencral base catalysis to 
twucleophille catalysis. A discussion of this subject will pot be given here; many 
reviews are available. OP 2.5 12-4 Ap example of this mechanistic switch is 
seen in the imidazole-catalyzed hydrolysis of acetate esters. 1!!! Esters with very 
good leaving groups (c.g., p-nitrophenyl acetate) undergo simple nucleophilic ca- 
talysis. As the leaving group is made poorer (as in phenyl acetate), general base 
catalysis of the nucleophilic catalysis can be detected. With still poorer leaving 
groups (alkyl acetates), only general base catalysis is seen. 

5. Curvature in a Brýnsted-type plot is sometimes attributed to а change in 
transition state structure, This is net a change in mechanic; rather it is interpreted 
as a shift in extent of bond cleavage and bond formation within the same mechanistic 
Pattern, Thus, Da-Saif et 21.795 found curvature in the Brønsted-type plot for the 
identity reactinns in acetyl tancfor botwoon substituted phowvlates, Mis reaction 
was shown earlier. They concluded that a change in transition state structure occurs 
in the series. Jencks et al." caution against this type of conclusion solely on the 
evidence of curvature, because of the otier possible causes, 

6. A qualitative difference in the type of solvation (not simply in the strength of 
solvation) in a series of nucleophiles may contribute to curvaturc. Jencks has ex- 
amined rhis possibility, '"*77-?* An example is the reaction of phenoxide, alkoxide, 
and hydroxide ions with p-nitrophenyl thiolacetate, the Brénsted-type plot showing 
Bas = 0.68 for phenonide ions (the weaker nucleophiles) and В... = 0.17 for 
alkoxide ions. It is suggested that the need for desolvation of the alkoxide ions 
Prior to nucleophilic attack results in their decreased nucleophilicity relative to the 
phenoxide ions, which do not require this desolvation step 

















This discussion of sources of curvature in Rnfnsted-type plots should supgest 
caution in the interpretation ef observed curvature. There is n related matter, vun- 
cerning particularly item 5 in this list, namely, the effect of a change in transition 
state structure. Brýnsted-type plots are sometimes linear over quite remarkable 
ranges, of the order 10 pK, units, and this сау lias evoked interest because it 
seems to be incompatible with Marcus theory, which we reviewed in Sertion 8.3, 
The Marcus equation (Eq. 5-69) for the plot of log k against log K of the sume 
reaction series requiic> curvature, rhe slope of the plot being the coefficient œ, 
given by Eq. (5-67). A Brønsted plot, however, is not a Marcus plot, because it 
correlates rates and equilibria of different reactions. The slope f of a Brønsted plot 
is defined р = d log Kad pKa, which ve can cxpand as 





dlog ka, , d log Kors 
dlog Kas арк, 





Where Ka. is the equilibrium constant of the reaction whose rate constant is kun. 
Therefore d log Kad log Kam is the slope of a Marcus plot, and if the Marcus 
equation is valid for the reaction series, this should contribute curvature according 
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ч: Vp 
to Eq. (5-67). IE this effect is substantially compensated by the term d tes К ыа 
рК, а straight Brénsted-type plot will be observed. This possibility indi = 
а straight Brønsted-type plot is not necessarily evidence that the transition 
structure is constant in a reaction series. 





The a Effect 


Figure 7-5 is a Brønsted-type plot for nucleophilic reactions of p-nitrophenyl кейе 
(a favorite substrate tor studies of this туре); some of the reactions we nucteuphiic 
catalyses and some are nucleophilic attacks. This figure illustrates several intresting 
features. It shows dispersion into different lines for different families of nuci Е 
phils it includes curvature resulting from the reduced sensitivity ot mucleophilicity 
до basicity for highly basic oxyanions. and it reveals that the reactivity of hydroxide 
is significantly less than Ик basicity would predict. a common [lod Most 
interesting, for our present topic, are the anomalously high nucleophilicities. 







2 NO 
| imidazole 
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Figure 7.5, Biyusteitype plat tor puetecphilie reactions of pritopheny acetate. Key: @, simple 
imidazoles та 28 З ethanol єг ИЛ. р = C.80 (data Пот Ref. 197}; С. oxygen апп», iri water. 
25°. B — 0.95 for linear portion [dita hom Ref. 119, 165]: @, c effec: nucleophiles. Several of the 
mucleophiles аге identified. 
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to their basicities, of several nucleophiles (hydroxylamine, hydrazine, and hydrogen 
peroxide anion), all of which posscssan stom with an unshared electron pair adjacent 
to the attacking atom. This phenomenon of enhanced nucleophilicity by such m- 
clcophiles is called the a effect 

‘the a effect hes been extensively discussed, !!*?5 It is probable that the term 
collects nucleophiles that owe their high reactivity to different factors inta n single 
class, bur it has some utility in calling attention to the common structural feature. 
The role of the a-clectron pair in a-cflect nucleophiles is sometimes ascribed to 
relicf of the electron deficiency nt the attacking atom in the transition «tute. For the 
presumed transition state in the attack of the a-efTect nucleophile hydrazine on a 
carboxylic acid derivative, to give a tetrahedral intermediate, 6 shows the devcloping 
positive charge on the attacking atom. 








The hypothesis that electron-pair donation from the o atom will stabilize this tran- 
sition ‘state leads to the difficulty that the attacking atom must carry more bonds 
than conventional valence bond symbolism admits. Despite this problem, the general 
idea is expressed by 7 and its relationship to 6 by resonance. It is possible that 
transition state stabilization can be obtained in this way by rehybridivation of the 
entire molecule.°? PP. 97^? Klopman et а].'22 suggest that the a effect arises from 
orbital splitting that raises the 





energy of the highest occupied orbital of the nucleophile. thus destabilizing the 
initial state relative to the transition state; on this basis the a effect will be observed 
mainly in thosc rcavtivus in which nucleophilic attack is the rate-determuning step. 
Цог“, on the other hand. making use of a model in which an attacking nucleophile 
acquires some diradical character, atuributcs the o. effect to transition state stabi- 
lization of the radicallike attacking atom by the adjacent electron pair. There is 
some support for the idea of nucleophilic attack at a single electron transfer. 26 
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Hudson"* has noted that any explanation of the a cffect must account both for 
the enhanced rucleophilicity and the lack of effect on the pK; of the nucleophile; 
he attributes the o effect to a balance (which is different for nuclenphile carbon 
and nucleophilc-protcn interactions) between an orbital splitting contribution and 
an electrostatic bond polarity factor. 

Sunn examples of o-cffect nuclcophilicity may be the result of concurrent general 
acid (or Lewis acid) assistance to the nucleophilic attack. The high nucleophilic 
reactivity of hypochlorite may be rationalized in this way. as suggested by B. 
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Hydroxylamine, NH.OLI, is a remarkable а effect nucleophile that may function 
with internal general acid assistance. Upon reaction with activated acyl groups 
(anhydrides, esters) a substantial traction of the acylated hydroxylamine is found 
to be O-acylhydroxylamine.""” Jencks proposcs that the nucleophilic agent in the 
attack leading to O-acylhydroxylmine is the zwitterionic form of hyéroxylamine, 
УМНО”. This species combines in one molecule а good nucleophile and a general 
acid. A concerted mechanism is favored, with the oxygen anion attacking the 
carboxyl carbon while the ammonium function polarizes the carboxyl group by 
general acid interaction with the carboxyl oxygen, as in 9. 
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Nucleophilicity at Saturated Carbon 
The 852 direct displuvement reaction at saturated carbon can be represented as 
Ү + RCX > RCY + X 


where Y: is the amacking nucleophile and X; is the Kaviug givup- This reaction 
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сап also be described as an alkyl group transfer from X to Y. As a group transfer, 
the reaction possesses a symmetry that allows any combination of X and Y to be 
considered in terms of the identity reactions 

XD + BCX -> RCX + X: 


Ү + RCY > RCY + 





As а consequence, it appears to be valid to apply Marcus theory (Section 5.3) to 
82 reactions. Note that we may expect structure-reactivity relationships in 5,2 
Teactions to be functions of both the bond formation and bond cleavage processes, 
just as in ayl ишь. 

"There is another type of reaction to be considered, namely, 


YD КУС” = RCY 


This is the reverse of the first step in the 51 mechanism. As written here. this 
reaction is called сагіоп-апіоп recombination, or an electrophite-nucleaphile re- 
action. This type of reaction lacks the symmetry of a group transfer reaction, and 
we should therefore not expect Marcus theory to be applicable, us Ritchie ct al. 
have emphasized, Nevertheless, the electrophile-nucicophile reaction possesses the 
simplifying feature thet bond formation occurs in the absence of bond cleavage. 

We consider first the S,2 type of process. (In come important Ep2 reactions the 
solvent may function as the nucleophile. We will treat solvent nucleophilicity as a 
separate topic in Chapter 8.) Basicity toward the proton, that is, the pK, of the 
conjugate acid of the nucleophile, has bcen found to be less successful as a model 
property for reactions at saturated carbon than for nucleophilic acyl transfers, al- 
though basicity must heve some relationship to nucleophilicity. Bordwell et al, 1-12» 
have demonstrated very satisfactory Brpnsted-type plots tor nucleophilic displace- 
ments at saturated carbon. when the basicities and reactivities are measured in polar. 
aprotic solvents like dimethylsulfoxide. The problem of establishing such simple 
correlations in hydroxylic solvents lies in the varying solvation stabilization within 
а reaction serie: H-bond donor solvents. 

Another approach is therefore to adopt a model process that is very similar to 
the reactions of interest. Swain and Scott? selected as a standant reaction the 
nucleophilic substitution reaction of methyl bromide in water at 25°C. 

















CHBr + Ү-—› CHY + Br 
A nucleophilic parameter nyn, is defined 


бше 
пыз, = lop ен (7-68) 


where kmene is the rate constant for the reaction with nucleophile Ү- and Idas is 
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the rate constant with the standard nucleophile. 10 Then an LFER is written in 
the usual form, 


n 
[E (7-69) 


where s is a substrate constant, which for the standard reaction is defined to be 
unity. Table 7-14 gives values of the Swain-Scot nucleophilic parameter. 

It was soon learned thar the nucleophilic parant л меру #5 not a universal measure 
of reagent rucleophilicity, and Eéwards'!!* took a more fundamental approach. 
witing a two-term LFER, Eq. (7-70), 





(ло) 





where 


Hy = рк, + 174 


Ey — E" 2.60 


E^ is the standard potential of the reaction 2Y- = Үз + 227. The additive constants 
set Hy ond Ep equal to zero Tor HU. The quantities а anc b are parameters measuring, 
susceptibility te the corresponding nucleophilic parameters. Evidently Hx describes 


Taste 7-14, Nudeophile Parameters fcr Correlation uf Nocleopeilie Substitutions 
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proton basicity, and £y describes the ability of the nucleophile to donate an clectron. 
‘The basis of the oxidation reaction as а model for nucleophilicity is the analogy 
between oxidation (loss of clectrons) and nucleophilic displ:wement (donation of 
an electron рай). The Edwards equation provides the oxibase scale of nucleophil- 
icities."" Table 7-14 lists En and Hy values drawn from the collections of Ibne- 
Rasa! and Peran et al 13$ This rable alsa gives values of the nucleophilic pe- 
rameter itp, defined by means of the standard reaction 





Yo + Рр С, + PQpyjCiY 1 CI 


where py is pyridine. "5 Comparisons of the quantities in Table 7-14 reveal some 
interesting features. For example, rives atl пы ате пос well correlated; nucleo- 
Philicity toward carbon and toward platinum evidently depends differently on the 
contributing factors. Note also the greater nucleophilicity of iodide than of hydroxide 
аз ea pressed In Maen; Clearly basicity alone з nota good measure of $2 reactivity. 
Other measures of nacleophilicity have been proposed. Brauman et al. studied 
5,0 reactions in the gas phase and applied Marcus theory to obtain the intrinsic 
barriers of identity reactions. These quantities were interpreted as intrinsic nucleo- 
Philicities. Streitwieser'*? has shown that the reactivity of anionic nucleophiles 
toward methyl iodide in dimethylformamide (DMF) is correlated with the overall 
heat of reaction in the ges phase; he concludes that bond strength and electron 
affinity are the important factors controlling nucleophilicity. The dominant role of 
the solvent in controlling nucleophilicity was shinn hy Parker, 1 who found solvent 
effects on nucleophilic reactivity of many orders of magnitude. For example, most 
ions are more nucleuphilic in DMF than in methanol by factors as large as 10° 
heran they are less effectively shielded by solvation in the aprotic solvent. Liotta 
et al.'™ have meusured rates of substitution by anionic nucleophiles in acetonitrile 
solution containing a crown ether, which forms an inclusion complex with the cation 
(K+) of the nucleophile. These sates conelate with gus phase rates of the same 
nucleophiles, which, in this crown ethcr-acetonitrile system, are considered to be 
"naked" anions. The solvation f anionic nucleophiles is treated in Section 8.3. 
Pearson's hard-soft acid-base (НЗАВ) concept has been useful as a qualitative 
guide to reactivity in nucleophilic reactions! A hard acid is enc in which the 
electron pair acceptor atom is small in size, with high positive charge density and 
low polarizability. A soft acid is large and polarizable. A hard base has high 
electronegativity and low polarizability; a soft base is easily polarizable. Table 
7-15 shows examples of hard and soft bases. The HSAB principle is that hand acids 
(clectrophiles) prefer hard bases (nucleophiles), and soft acids prefer soft bases 
Alkyl groups arc soft clectiophiles, and attachmcnt of electron-withdrawing groups 
makes a carbon increasingly hard. Thus, the carbonyl group is a hard clectrophile 
On this basis the success of Brgnsted-type plots in correlating nucleophilic reactions 
ät acyl carbon results because pK, measures reaction at a hard clectrophile (Н), 
and acyl transfer is also a reaction at a hard electrophile. On the other hand, S2. 
Teactions at saturated carbon, г soft electrophile, should not be correlated with pKa; 
rather nucleophilic reactivity at saturated carbon should be preatest for soft nu- 
rleophiles. Pearson states that an extru stabilization of the Wamsitiv state (called 
the symbiotic effect) takes place when both the entering and leaving groups are 
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Acids Bases 
Hard HY, Li. Net, HO, OW F, CF, 
ме", Cal", Коз, КН, 
a: RoR 
Qi. Ag". г. SON, CN 
Hee Pet, 
RC 


soft.’ The HSAB theory has been placed on a quantitative basis? with the 
definition of hardness ту und softness © by 
d-A 1 


z 2 о 


where / is ionization potential and A ix election affinity. In molecular orbital theory. 
thedifference {7 — A) is equal to the energy difference betwcenthe highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 

Doth the Edwards equation and Pearson's HSAB concept take as primary deter- 
minants of nucleophilicity the polarizability and basicity. A two-term equation of 
Bartoli and Tedesco" uses these ideas also, but us a measure of polarizability the 





Tam 746. Nucleophite Pacemeters 
for Cation~Anion Recombinations* 
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Source: кектепсе 147. 
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bond icfiaction is taken. Their approach isto attempt to separate the roles of basicity 
and polarizability by comparing the reactivities of nucleophiles of low and high 
polarizability. Pytela and Zima’ have applied a statistical procedure to a large 
body of nucleophilic rate cata. obtaining a correlation equation whose substituent 
parameters were subsequently identified with softness or polarizability and with 
hardness ог basicity. 

‘Turning to cation-anion recombination reactions we find that most of the quan- 
titative studies have been by Ritchie,'** ? who defined a nucleophilic constant by 
Eq. (7-71), 





=N, (7-71) 


where Kino is the rate constant for the reaction of the cation with water (the standard 
susloophile) in water es the solvent, and Ay ie ic vate Constunt for the anionic 
nucleophile, not necessarily in water. Some of the cations studied were triarylmethyl 
cations (10), tropylium ions (1), аше dizzorium ions (12). 





NMe; 


2. 


i x 
x ce 2 jJ 
E qim 
EN SS К 
| 


| 
NMe; x 


10 п 12 


Quite remarkably it was found that all cations yielded the same N , valucs, or, to 
put this another way, the LFER of log Ё against A’, had slope — 1.00 for all 
cations; only the intercepts (log Ki) бИТегей. 577 Table 7-16 gives values of N , 
[Additions af nucleophiles to some activated olefins also have been found to correlate 
with №, , although slopes were different from unity. "*] 

Rates and equilibria within these cation—anion recombination reactions are not 
correlated, 127156177 Ritchie considers that extensive desolvation of the reactant ions 
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‘occurs before appreciable bond formation takes place. It is very interesting that the 
same anion in dilferent solvents constitutes different nucleophiles that {all on the 
same LFER. Table 7-16 shows the magnitudes of some of these solvent effects 


Intramolecular Reectivity 


An intramolecular reaction requires the presence of two suitably positioned func- 
tional groups, the substrate function and the reagent function, in the same molecule. 
‘The demonstration of sn imramolecular process is obvious when the product is 
cyclic, as in this lactonization: 


2d соон Ё | 9 20 
IF 


but if the reaction might occur intermoleculerly, as in the hydrolysis of aspirin 
anion. below, evidence of its intramolecularity must be sought. 


coo coo 
OCH; њо 
on В: „Жу, ry + CHCOO7 


A favorite strategem is to compare the reactivities of ortho- and para-substituted 
aromatic substrates, such as 13 and 14; the electronic (inductive and resonance) 
effects of the substituent should be about the same in the two cases, but only the 
orho-substituted compound can undergo intramplecular catalysis. 
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Another comparison is between o-hydroxy and o-methoxy compounds, as in 18 
and 16; the electronic and steric effects will be, very roughly, similar, but ‘only the 
hydroxy group is capable of intramolecular catalysis. 


NV N 4 


о 


15 16 


‘The mechanisms available to intramolecular reactions are the same as those of 
intermolecular reactions. The same problems of kinetic equivalence of rate terms 
may arise, and Table 6-3 shows some kinetically equivalent mechanisms for intra- 
molecular reactions of the acyl function. The efficieucy of intramolecular reactivity 
may be difficult to assess. One technique. described above as a method For the 
detection of an intramolecular reaction, is to make a comparison with an analog 
incapable of the intramolecular process. Thus p-nitrophenyl 5-nitrosalieylate, 17, 
hydrolyzes abont 2500 times faster than p-nitrophenyl 2-methoxy-5-nitrobenzoute, 
18. 


COOC,HINO, COOCGH;NO, 


оп hie 
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17 18 
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‘The currently popular approach is to compare the rate of the intramolecular 
reaction with Ше iate of an intermolecular reaction in which the reacti np groups 
ate closely similar. The intermolecular reaction will пишу he overall second- 
order, in accordance with the rate equation 
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whereas the analogous intramolecular reaction will be first-order, 
v = ku IXRYI (0-3) 


First-order and second-order rate constants have different dimensions and cannot. 
e directly compared, «o the following interpretation is made. 9 The ratio Kfk: 
has the units mole per liter and is thc molar concentration of reagent Y in Eq 
(7-72) that would be required for the intermolecular reaction to proceed (under 
pseudo first order conditions) as fast a the intramolecular reaction. This ratio is 
called the effective molarir; (EM), thus EM = ыыы. An example is the nu- 
cleophilic catalysis of phenyl acetate hydrolysis by tertiary amines, which has been 
studied æ bot] au jutenmolccular and an intramolecular process." 





о 
-mo [+ он 
CH,COOPh + NMe, —  CH,C-NMe, > СНСООН + NMe, 


Me O Me 
| -mo || он- 
Ме э HOOC—(CH2);—NMe2 






For this cxample ЕМ = 1260 M. In calculating EM it is necessary that the inter- 
molecular reaction selected for the comparison possess the same mechanism as the 
intramolecular reaction. 

Kirby'*! has assembled a valuable collection of EM values. The intramolecular 
rate enhancements can he remarkable, with FM values in the range 10° to 10" being 
чийе Common, Even lage: кайакдикац we Мом, ant these ee comparable 
with the rate enhancements produced by enzymes. Mandolini'®* has discussed the 
cyclization reactions of chain molecules in terms of AM values. EM does not bave 
to be greater than unity, and very small values are known, but obviously the very 
large rate enhancements have been of greatest interest. We will briefly summarize 
with some leading references, the extensive literature on the origin of rate enhance- 
ments in intramolecular reactions. There is considerable disagreement in this ficld 
Essentially four ideas have been proposed to account for large EM values. 








1. The proximity effect. This is the simple icca that in an intramolecular reaction 
the substrate function may be exposed to a larger "local concentration” of the reagent 
than in an intermolecular reaction. because the two functions are covalently con- 
srained to eccupy adjacent space. This effect has been called the approximation 
or propuiquity effect. 1те proximity effect certainly seems physically reasonable 
und is likely to make some contribution ta intramolecular reactivity, but it cannot 
be a major contributor when EM is large, because EM is itself a measure of a 
presumed local concentration, amd the observed large EM values are physically 
impessible concentrations. The magnitude of rate enhancement achievable by prox 
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їшйу is shown in a study by Menger and Venkataram'?* in which an intermolecular 
5,2 reaction was carried cut with the solvent (pyridine) as the nucleophile. Thus, 
in pure pyridine the substrate was fully surrounded by reagent. On reducing the 
pyridine concentration by incorporating anotker aprotic solvent of similar polarity, 
a smooth decrease in rate was seen, but the effect was not dramatic, and very 
roughly varied with the pyridine concentration. Proximity of the reagent to the 
substrate is obviously necessary for reaction, but by itself it cannot account for 
large rate enhancements. It is a contributing factor. 

2. Orienution effects. Because few reactent species are spherical. some directional 
constraints to effective reaction must exist. For example, there is strong evidence 
that the Sy2 displacement requires “backside” attack of the nucleophile with respect. 
to the leaving group. Koshland and ro-workers!15° have developed this ides by 
trying to define, experimentally, the magnitude of angle uf approach of reugert to 
substrate site that leads to reaction. The concept is that large intramolecular rate 
enhancements are the result of favorable juxtaposition of the reactant species in the 
relatively rigid intramolecular framework; in the comparable intermolecular situation 
the mutual orientation is nearly random, This concept of the angle dependence for 
successful reaction was called игілі steering. li was concluded that a change in 
angle of approach of about 10° might result in а rate change of 10°. This theory 
has been harshly criticized on the basis that reaction cones, or windows, are not 
this narrow, anc Menger'™ has designed experimental studies that demonstrate the 
existence of considemble flexibility in the approach of the reagent to the reaction 
site. The orbital steering hypothesis has heen attacked not because of the concept 
that a preterred direction of approach is required, for this is agreed to by all, but 
because of Koshland’s claim that the angle of acceptance is very small, No doubt 
this angle depends somewhat upon the tyne of reaction. 
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Lo Relauve Rates of Intramolecular Catalysis of Ester 
Hydrolysis by Cathoxylate Groups 
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Structural features that render the initial state conformation mure like the cyclic 
transition state will enhance intramolecular renctivity. The conformational mobility 
is suck a feature. Table 7-17 shows relative rates of some intramoleculatly catalyzed 
ester hydrolyses.'°7" The glutarate possesses two methylene-metnylenc single 
bonds, rotation about which can oppose the juxtaposition of ester and carboxyl 
groups required for intramolecular catalysis. In the B,8-dimethylglutarate, steric 
compression by the gem-dimethyl groups reduces the conformational freedom. and 
this is reflected in a higher rate. The succinate possesses one bond fewer than the 
glutarate. kcading to restricted rotamer distribution and a rate increase. Further 
freezing” of the two groups in opposition, as with the malate and the 3,6-endoxo- 
‘A“tetrahydrophthalate, gives large rate enhancements. Even larger rate accelera- 
tions have been achieved by means of this sfereepopulation control. which is a 
narrowing of the distribution of conformational populations, with the foruitous 
elimination of unproductive conformers, A dramatic illustration is the relative rate 
of intramolecular ucid catalyzed lactonization of 19 and 20 159 
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level of enhancement is 





Compound 20 reacts 10" times faster than 19. TI 
comparable with that achieved by enzymes. 
3. The entropy argument. By making use of Eq. (7-2) we can write 


2.3 RI log EM = - dpAG = —5кАН* + TEpAS* (7-72) 





The foregoing discussion sugpests that entropic factors are important in determining 
intramolecular reactivity, and if we suppose that 8,44? = O we can relate EM to 
AS", the difference in entropy of activation berween the intramioleculat reaction 
and its intermolecular analog. ‘hus, if $4A5* = В eu, EM = 36 M (which. 
incidentally, is the molar concentration of pure water and therefore, in one view, 
а maximum measure of the proximity ellect). А tigAS ol 20 eu corresponds to an 
EM of 2.4 = 105, and 5,45% = 40 eu is equivalent to EM = 5.7 x 108 These 
numbers indicate that it is reasonable to seek the source of intramolecular reactivity 
in entropic effects. Page and Jencks'*^ 9! have pursued this notion in great detail 
and conclude thet translational and rotational motions provide most of the driving 
force for intramolecular reactions. Their point of view is that the entropy argument 
is a different concept from the orientation concept; it is not simply а quantitative. 
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analysis of orientation effects. Menger'?*"°* has cited some weaknesses cf the 
entropy argument, ore of these being the lack of correlation of EM values with 
entropies of activation. DeTar and Luthra'® have found that enthalpic effects can 
be more important than entropic effects in some 52 cyclizations. 

4. The spetiotemporal hypothesis. Merger"? ^ has postulated that “the rate of 
reaction between functionalities А and В is proportional to the time that A and B 
reside within a critical distance.” This critical distance is considered to be the 
distance at which bond formation begins between a nucleophile and an electrophile 
If a rigid covalent framework holds the substrate and reagent functions within the 
critical distance (time not being а factor because of the molecular rigidity), very 
high £44 values ure possible. The function of an enzyme is to hold the substrate 
within the critical distance of the catzdytic group Гог a sufficient length of time. 
‘This time/distance concept bypasses the entropic description and rephruses the 
proximity/orientation arguments in different terms and variables. Theoretical and 
experimental etudie indicate that reaction тше iu u very sensitive function vf dis 
tance, but is nor highly angle dependent. Menger estimates that the critical distance 
for nucleophilic attack on a carbonyl is about 2.8 Å. Because this is less than the 
diameter of а water mulecule, desolvation is implicated as an cssential step in 
determining reaction rate 





7.5 RELATED TOPICS 


The Isokinetic Relationship 


It can be shown'-? * that if un LFER is observed over a range of temperatures, 
and if the enthalpy and entropy changes are temperature independent. then the 


enthalpy changes must be directly proportional to the entropy chemges for the 
reaction series. Let us start with the proposition that a real effect of this type has 
been demonstrated for a reaction series: we write this as 
БАН* — phas 0-73) 
This can be combined with the gencral relationship 
ВАС! = BA" — TRAS* 


10 give 


ым = (p — TWAS! (7-74) 


ВАС! = ( в)" (H3) 


The proportionality constant ( hes the dimension of absolute temperature, ond it 
15 called the isokinetic temperature.'** Yt has the significance that when T = B, 





STRUCTURE REAL IV Y RELATIONSHIPS E 





BAG! = 0; that is, all substituent (or medium) effects on the free energy change 
vanish at the isokinetic temperature. At this temperature the АН and TAS terms 
exactly offset exch other, giving rise to the term compensation effect for isokinetic 
behavior. 

Two extreme situations should be noted. If 8 — 0, then BAG* = — TAS*, and 
the reaction series is entirely entropy controlled: it is said tn be isoenthalpic. If 
ШВ = 0, then BAG! = BAH’, and the series is enthalpy controlled, or isocntropic. 
All of these relationships apply also to equilibria. bat wc will be concerned with 
Kinetic quantities. 

The demonstration of а valid isokinetic relationship has several implications 
First, anisokinetic relationship is a necessary condition for the existence cf a reaction 
series, or at any rate this is a condition thal muy be taken to define a reaction series. 
Exceptions ure then indications of changes in interaction mechanisms. Second, 
substituent effects change their direction at the temperature fi, soif the experimental 
temperature 1 near D, Caution i» weeded in inizi pictng елдә, бю notion vf а 
reversal in reactivity order with a change in temperature should itself be cautionary. 
Third, when an isokinetic relationship holds, AG', AH, and AS* all change in a 
parallel fashion, so discussions of substituent ellects on Aff* and AS* provide no 
information or insight that is not already available in effects on reactivity, i-e., 
AGİ. Fourth, related to the preceding item, the problem of whether AG* or АЛ? 
® the better approximation to the potential energy is solved, because they arc 
equivalent, "^ 

Most of the isokinetic relationships in the literature have been established from 
plots of AH’ against AS*; collections of these have been published! C *: 165. 167 
and several authors have discussed the mechanistic implications.» P» % $ cmr- 12 
165 There is a well-recognized difficulty with AH? vs AS" plots, namely, that both 
quantities are evaluated from the same set of data, so their errors arc correlated. 
In effect, AH is found from the slepe of en Arrhenius or Eyring plot, and АХ? 
from its intercept. Not only are the omore correluted, bat there is an a priori 
interdependence of the two quantities even in the absence of error. Of course, crror 
is always present; Petersen et al." analyzed the crrors in AH! and AS", showing 
that the error in AS* is directly proportional t Ше errui in ДА, А 1vactivu series 
сап generate an apparent isokinetic relationship solely through the operation of this 
error effect, which predicts that a plot of AH? against AS! will be linear with slope 
about equal to the experimental temperature. ‘The observation that many apparent 
isokinetic temperatures are in the experimental range may be related to this error 
effect. The error contour in the AH, AS plane is a very elongated elipse, 7 with 
the slope of the major axis heing close to the experimental temperature. It has been 
suggested that to distinguish between a true isokinetic relationship and a spurious 
ertor correlation the spread of enthalpy and entropy values should be several times 
the maximum error. Another criterion is that the points on the line fall in a rational 
rather than a random order, аз established by correlation with ether properties. 
Petersea!?? believes that a linear enthalpy-entropy relationship can never be. by 
itself, a sufficient demonstration of ап isokinetic relationship; he concludes that the 
only unambiguous evidence for ап isokinetic relationship is the intersection of all 
log (WT) ув. VT plote for the serics ut a common point (which will correspond to 


UB) 
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It was not until the 1970s that the statistics of the isokinetic relationship was 
satisfactorily worked out. 16 '71-174 Exner!75-176 first took this approach: Let £j and 
ka be the rate constants for a member of a reaction series at temperatures Т, and 
Т», with 72 > Т\, and let Ki and К be the corresponding values for the reference 
member of the series. Then Eqs. (7-76) and (7-77) аге easily derived for the reaction 
series. 


Sur = (7-16) 


BAS = om 





Equation (7-76) shows that, in general, a plot of log k against log k, is notexpected 
to be lincar. Lincarity in such a plot can be assured, however, if an isokinetic 
relationship, §,AH' = fóyAS*, is followed by the system. By incorporating this 
relationship into Eqs. (7-76) and (7-77). we obtain 


A oni- fu 
it = 0 ра Tm 
} n = py R m 
Thus, a linear plot of log к against log ky for a reaction series implies an isokinetic 
Tehudonship for me series. rhe reason that this plot is a гейаре test for such a 
relationship is that the errors in £, and A; are independent (unlike the errors in АН? 
and ÀS*). From the slope Р of the straight line the isokinetic temperature B can be 
found: 


Tab — 1 
ЪТ – 








(7-79) 





Obviously for this method to work the ratio T,/T; must be appreciably smaller than 
unity. Provided this conditicn is mot, this method is a simple and reliable way to 
test for an isokinetic relationship or to detect deviations from such a relationship. 
Exncr!95 shows cxamples of systems plotted both as log Áo vs. log Ai and as АРТ 
vs. ASt, demonstrating the inadequacy of the latter plot, Exner!* has also developed 
а statistical analysis of the Petersen method; ^" this analysis yields В and an un- 
cenainry cstimate of Б. Exncr' ^" has applied his statistical methods to 100 reaction 
series, finding thet 78 of them follow approximately valid isokinetic relationships. 

Krug et al." have shown that a plot of AG! against ДН? [see Eq. (7-75)] is not 
subject to the error correlation problem of the АН? vs. AS* plot provided AG" is 
evaluated at the harmonic meun temperutume J, of the experimental range. (The 
harmonic mean is the reciprocal of the mean of the reciprocals, i.e., Tim — <1/ 
127.) They write Eq. (7-75) in the form 








DAH! = YR AGL. (7-80) 
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where 
YSA Toh) (7-81) 


Thus, y is the slope of the plot of АН? against SG! at the harmonic mean tem- 
perature, and from y the isokinetic temperature B is calculated. Tomlirson!/ has 
shown many examples of this type of analysis. 

Earlier analyses making use of AH‘ vs. AS* plots generated many р values in 
the experimentally accessible range. and atleast some of these are probably artifacts. 
resulting from the error correlation in this type of plot. Exner’s treatment 17 
yields В values that may he positive or negative and that are often experimentally 
jnuccessible. Some authore have associated isokinetic relationships and @ values 
with specific chemical pheromena, particularly solvation effects and solvent struc- 
ture," but skepticism seems justified in view of the treatments of Exner and Krug 
ча al. At thy present би an isokinetic relationship should not be claimed solely 
‘on the basis of a plot of AH! vs. AS', but should be examined by the Exner or 
Krug methods. 








The Reactivity-Selectvity Principle 


Consider a bimolecular reaction between a substrate and г reagent. Upon each 
encounter vf these two species there is a probability P that reaction will occur. If 
the solution contains rwo substrates 51 and 5, cach characierize by a probability 
of reaction P, and P, with the common reagent, evidently the ratio РУР, is a 
measure of the selectivity of this process for S» relative to S,. If the two substrates 
are not markedly dissimilar, the ratio РУР, will be similar to the гапо ol rate 
constants, kyky Leffler and Grunwald! ГР 102-8 define the selectivity as 


selectivity of the reagent for 5 
relative to S, — БАС 
= RT In (kki) (7-82) 


The reactivity of а reagent can be defined as its rate constant with a standard 
substrate. Equation (7-82), therefore, relates selectivity to reactivity. The signi 
cance of this statement can be developed by imagining that a substrate is progres 
sively changed in such a way that its probability of reaction increases toward the 
limit of unity. Comparing two substrates, each of whose reactivity is made suc- 
cessively highcr in this way, the ratio Р.Р, will tend toward unity, as wall its 
ectimator £z. "Thus in the limit of “infinite” reactivity, the selectivity becomes 
zero. (Since the designation of one reactant as the substrate and the other as the 
reagent is arbitrary. a similar statement can be made about a pair of reagents reacting 
with a common substrate.) The reactivity selectivity principle (RSP) states that 
reactivity and selectivity are inversely related. 
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Instead of the definition in Eq. (7-82), the selectivity is often written as log (kj 
ki). Another way to consider a selectivity-reactivity relationship is to compare the 
relative effects of a series of substituents on a pair of reactions. This is what is 
oue when Hammett plots arc made for a pair of reactions and their p values are 
compared. The slope of an LFER is а function of the sensitivity of the process 
being correlated to structural or solvent changes. Thus, in a family of closely related 
ШЕК», the one with the steepest slope is the most selective, and the one with the 
smallest slope is the least selective.  Murenver, the intercept (or some arbitrarily 
selected abscissa valuc, usually log ko for the reference substituent) should be а 
measure of reactivity in each reaction series. Thus, a correlation should exist Þe- 
tween the slopes (selectivity) and intercepts (reactivity) ol a family of related LFERs. 

It has been suggested that the slopes and intercepts should he linearly related,’ but 
the conditions required for linearity are seldom met, and it is instead common to 
find only a rough correlation, indicative of normal selectivity. reactivity behavior, "° 
The Rrdnsied slopes, fi, for the bslogenation of a series of carbonyl compounds 
catalyzed by carboxylate ions show a smooth but nonlinear correlation with ki 
ky. PP 125 Jencks? 0 7275 uses the selectivity-reuctivity relationship between 
Brylested slopes and nucleophilic reactivity to distinguish Letween general acid 
catalysis and specific acid~general base catalysis. 

In contrast to thc comparison of a pair of reactions, wilh variations in substituents, 
Drowa: and liis co-workers!"? compared a pair of substituents subjected to a large 
number of reactions. These were all electrophilic aromatic substitutions, the most 
extensively studied substrates being benzene and toluene. When а monosubstituted 
benzene derivative undergoes substitution of hydrogen, there are three possible sites 
for the entering group: ortho (two equivalent positions), mera (two), and para (one). 
Thus, the observed rate constant for the substitution reaction does not give а com- 
plete picture of the course of the reacticn, because it does not distinguish among 
the positional isomers. If Кс,н,у is the observed rate constant for reaction of the 
monosubstituted derivative: 


Y Y 
1 
РЖ kopye 
| te > +H 
^w x (7-83) 


then Асену = 2ko y + 28,3 + Ду. The corresponding reaction for benzene, 
x 
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lads to Kear, = бё, because the reagent has an equal probability of attacking 
each of the six carbon atoms. The isomer distributions can be related to the imdividual 
rate constants, for Еа. (7-83), by 








para Му 
00 kegn 


Pania vene factars ure defined! з rates of snhstitntion at each position relative to. 


benzene, on a per site basis, thus, 





Combining these relationships gives the following equations for calculation of partial 
Tale factors. tr. 285-710. in 
Skegev — $ ono 
of = m х пе 
p 100 


у Канн наа 


pe » 
P 7 Ke 100 


Parfial rate factors have the significance that a factor greater than unity represents 
activation of that site by the substituent Y relative to hydrogen, and a factor less 
thar unity represents deactivation. 

Brown'*'®? defined a selectivity factor ©, by 





S = log? (84) 
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Evidently 5, is a measure of intramolecular selectivity: i li 
the miror of the perzene bein rate ipa, d е veram 
factor expresses the selectivity of the reagent X^ in Eq. (7-83) for the para рое 
relarive w the тега position. Each individual partial rate factor, on the other hand 
is expressive of an intermolecular selectivity; thus р} is a measure of the selectivity 
of the reagent for the para position in C,HsY relative to benzene. It was observed 


that Fg. (7-85), where Cm is a constant, is satisfied for ala fi ili 
пита (7-89), whee is rge number of electrophilic 


log p^ = cweSr (7-85) 


Equation (7-85) is a selcctivity-reactivity relationship, with lower values of Х, 

denoting lower selectivity. Lower values of py correspond to greater reactivity, with 

the limit being а partial rate factor of unity for an infinitely reactive elertrorhil 
selectivity reactivity relationship is followed for the electrophilic substitution 

Teens of many substurd Tenrenes, although toluene is the best зак of 
z. 

It is probably inappropricte that the RSP has been called a principie, which 
implies а statement of wide generality, because many examples vf its failure are 
known. For example, Ritchies’ cation anion recombination ксаййл follow Eu 
(7-11), so they are LEER with the same slope: this is an instance of constant 
selectivity. Anti-RSP behavior is also known. As а consequence, the validity of 
the RSP in currently a conwovcroial malta. Tiere are scveral aspects of his problem, 

One difficulty is in the choice of substrates (or reagents) when defining the 
selectivity. It is possible to convert RSP to anti-RSP behavior by altering the 
finition. RSP behavior may be masked or revealed by changing the graphical 
presentation; we noted above that Ritchie plots of log 4 against N, yield the same 
slopes for different substrates, implying constant selectivity: yet when the reactivities 
are plotted agzinst ог" (now holding solvent constant, ах is appropriate), different 
р values are observed. Johnson and Stratton"? conclude that real selecti ity dif- 
fers ше obscured by the much bye range of rectos that can he accon 

intheN , plot. Ta-Shi z ctivi 
predated inthe pl. Ti Sha and Reppoprt™ studied de rci -aceciviy 
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The rate constant ken lor solvolysis is assumed to reflect the stability and reactivity 

of R* (i.e.. faster solvolysis gives а more stable cation, which, thercfore. reacts 

more slowly with rucleophiles). ‘The ratio К/А, measured by product distribution 

studies, is 2 measure of selectivity with respect to the nucleophiles azide ion and 

water. The plot of log Koy, against log (Ку) is messy and rather confusing, 

rontaining regions of constant selectivity. RSP behavior, and possibly anti-RSP 

behavior. The present point is that the measures of reactivity and selectivity may 

affect the conclusions drawn. The role of solvent effects can be important in mod- 

‘fying RSP behavior. -186 

A mote fundamentel issue conceras the connection between free energy rela- 
tionships (РЕКУ) and reactivity-selectivity behavior. Recall from Chapter 5 that 
ihe Marcus eyuatiun, Eq. (5-69), an FER between rates and equilibria of the same 
reaction scrics, is predicted to be curved, which is consistent with the RSP. the 
selectivity decreasing as the reactivity increases. Thus, the RSP is consistent with 
Marcus theory and the Hammond postulat. an ao а vvusesueare: it is inconsistent 
with linear FERS. Yet, их we have seen, many examples are known of LFERs. No 
Чой some of these LFERs extend over ranges of variables too limited to detect 
curvature if it exists, yet LFERs covering many orders of magnitude are known. 
This circumstance bas elicited much discussion. One extreme paint of узек! У is 
that LFERs are fundamental relationships and RSP behavior is net a general phe- 
nomenon. The other extreme is that LFERs cannot exist as general relationships 
and only appear to be linear because a limited range of variable is accessible, 199 
Curvature in an FER may be evidence of the RSP."*" bul other sources of curvature 
may exist," 

We saw in Section 5.3 thet simple Marcus theory (upon which the above dis- 
cussion is based) applies only when и single reaction variable suffices to describe 
progress along the reaction coordinate. For more complex systems we extended the 
treatment by considering the changes in two reaction variables over a potential 
energy surface or by a configuration mixing medel. We may, therefore, suspect u 
breakdown in the simple RSP when the reacting system is of this more complex 
type in which the transition state cannot bc fully described in terms of the initizl 
and final states. This appears ro he the direction til current interpretations of the 
RSP are taking 197-193 
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PROBLEMS 


1. These data are for the hydrolysis of substituted benzoic anhydrides in 15% 
dioxane.'% 











Substituent sae 5 нш net Asien 
коме m 3.50 m -n& 
Me 160 su né -3a 
peti 177 кла na 
eMe 284 ил из 
н 455 mo 161 
том sse xa 13.8 
»a 235 жа 55 
NO se зу m 
PNO: 1360 єн 107 








(а) Make фе Hammett plots and evaluate р. 

(b) Examine the data for possible adherence 10 the isokinetic relationship. 
These rate constants are for the basic hydrolysis of methyl 4-substituted 2,6- 
dimethylbenzoates at 125°C in 60% dioxane. * 





CH, 
AN 
x COOCH, 
сњ 
х 10% ks 
4-NH, 0.884 
4сп. 135 
4H Ln 
PI 6.83 
4-NOz 35.2 


78 
Br + I. ^ HBr 
УС 
SCH3 
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Make the Hammett plot. neglecting the 2.6dimetbyl substituents, and 
calculate р. 








Estimate the rare constants for these reactions. 
(а) “Ж 
/ \ COOMe + оҥ ме. / \ соо + McOH 
á— 2yc == 
LJ Et 
(by Br 


SCH; 


Catscoon 
© CH,COCH, + b E32 CH.COCHÀ + HI 


25% 


4. These are rate constants for the catalyzed hydrolysis of N43. 3-dimethylbutyzyl)- 


4(5)-nitroimidazole in water at 30°С." 











Base кым 71 
Та зэкке 
m 
Jlnroacetat 232 LE] x 1^ 
rcr imo sedo 
Acetate 4.60 150 x 10? 
тунат S3 юле 
PMontelneedummallane cd 60 DIO x 10 
Cacodylate 619 476 x 10? 
d шкак: 
HPOJ 635 246 x 10° 
эшне Tos 2% 
N Ethylmorpholine Tm 123 х ш 





ari the linc. 
Brgnsted plot, calculate p, and discuss deviations fron a i 
5. о s pins Јона catalysis of the hydrolysis of p-nitrophenyl 
7 acetate by imidazoles und benzimidazoles at pH 8.0. The apparent second-order 
catalytic rule constants are defined by 


Кы = ko + КЫЙМ 
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where ПМ} is the total imidazole concentration. рК is for dissociation of the 
protonated amine. pK; is for the production of the anion by dissociation of the 
neutral species. Some pK, values are listed for additional functional groups for 


certain compounds. Analyze the data as thoroughly as you сап 














ке. Cols =. келгш! 
' 2. Mathylimid:zole E 21 
2 4 Mathylimidazole 245 224 
E JB-Actyinisumme 705 n2 
E Imidizole 6.95 m2 
5 2-Мећу уйку 665 [E] 
Prireberrimide rcl 
6 42° A'-Dibydoxypheryl)imicszole 6.45 94 
7 4-Hydroxymetylimidazole 645 EI 
8 IMethylbenzimidazole 61 00375 
У Histamine 60 та 
w 6-Aminobenzimiduzole 6.0 (NH, 3.0) 295 
n AEHylros-6-amircbendimidizole 59 615 
2 Benrimidnrote E use 
3 4Hydrozybenzimidazole 5.3 (0H 9.5) 280 
14 4-Melboxsbenamiduzole 51 031 
15 2 Methyi-4-tydroxy-t-ratrobenzimidazole E 1 
16 A Bromoinidazole эл 028 
7 6 Nivoberzimidaccle 3.05 (pK; 10.6) 48 
18 4Нуёгоху-б-п!гобепдидалде 3.03 E 
з» a üuoimuaszoe L3 (pK: 9.1) 385 





6. Suppose it is known that an isokinctic relationship holde for a reuction scrics. 
Then give the slope of a plot of log А against £ for the series. 

7. Discuss possible reasons for the curvature in the Bryinsted-type plot of Fig. 7.5 
for the nucleophilic recctions of oxygen nucleophiles. 

8. These rate constants are for the cinnamoylation of hydroxy compounds by с 
namic anhydride catalyzed by N-methylinidazole. The reaction is first-order in 
Sach reactant. ‘Ihe kinetics werc followed spectrophotometrically in acetonitrile 
solution. Analyze the data: that is, attempt ts account for the relationship betwoer 
structure and reactivity. 











Hydroxy compound — 10? WM? к" 








Phenol 96.4 

iso-Amyl alcohol 10.7 

n-Amyl alcohol 9.22 
iso-Butyl alcohol 7.88 
Buty! alcohol 3.47 
iso-Propyl alcohol 0.72 
n-Prepyl alcohol 324 
sec-Butyl alcohol 0.65 


tert-Butyl slcohol 0.58 
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9. From the last four digits of the office telephone numbers o1 the faculty in your. 
lepartrent, systematically construct pairs of “rale constants” a» two-digit num- 
bers times 10 $ ! at temperatures 300 K ard 315 K (obviously the larger rate 
constant of each pair to be associated with the higher temperature). мө: ame 
point Arrhenius plot for each faculty member, evaluating AH and AS^ Examine 
the plot af AH! against AS’ for evidence of ап isokinetic relationship. (This 
problem was suggested by D. Khossravi.) 





CHAPTER 8 


Medium Effects 





The effect of the medium (solvent) on chemical reactivity is а subject of great 
difficulty, one that can be studied at several levels of understanding. The literature 
of the field is large, and research interest continues to be high. In this chapter we 
сип only summarize much that has been learned; esth topic can he pursued in detail 
by means of the citations to original work. Many authors have reviewed solvent 
effects on reaction rates." Section 8.1 introduces a few ideas that are treated more 
Шилу iu the vest of the chapter. 





8.1 INTRODUCTION TO MEDIUM EFFECTS 


Types of Effects 


Perhaps the most obvious experiment is to compare the rate of a reaction in the 
presence of 2 solvent and in the absence of the solvent (ie, in the gas phase). 
This has long been possible far reactions proceeding homolytically, in which little 
charge separation occurs in the transition state: for such reactions the rates in the 
ав phase and in the solution phase are similar. Very recenlly и has become possible 
to examine polar rections in the gas phase, and the outcome is greully different, 
with the pas-phase reactivity being as much ss 10° greater than the reactivity in 
polar solvents.) This reduced reactivity in solvents is ascribed to inhibition by 
solvation; in such reactions the role of the solvent clearly overwhelms the intrinsic 
reactivity of the reactants. Gas-phase Kinetic studies are a powerful means for 
interpreting the reaction coordinate at a molecular level. 

Most of what we know about solvent effects is а result of studies їп whit the 
reactivity ie compared in a series of solvents. There are two main types of exper- 
imental design: in one of these the reaction is carried out in different pure solvents; 
in the other design the reaction is studied in mixed solvents, offen a binary mixture 
whose composition is varied across the entire runge. Experimental limitations often 


385 


зв конестн a connus 
conte ski or s seven stay tat ean be condocted. Fach of dese designs hs 
isadvantages, but all solvent studies share at least this 

тореш: 

When the solvent is changed, many solvent properties change. That is. it ы ыш 
possibile fo solate only опе factor for variation (the dielectr € constant), Keep 

a otters const any change in solvent generates changes in many properties, 

ich may he recognized ie prehlem i ч 

тонат о ch ишу he eengized as impertant factors. This pror ors 
There is a third experimental design often used for studies in electrolyte solutions 

Particularly aqueous solutions. In this design the неоп rate ie studied us fonction 

Gf oe strength, and a rate varianton is called а sals effect, I Chapter 5 we derived 

is relationship between the observed rate constant k and the activity cocffici 

of reactants (ух гуы) and tramition state (y) кыш 


en 





ME аы strength ж n is i consequesce of elects оп the activity coefficient 
А primary salt effect. We will, in ider this 
[ик Section 8.3, consider this effect 
If the rate equation contains the concentrati 
ion of a species involved im м pre- 
CU Step (often an acid base species), then this concentration may bea 
nection of ionic strength vie the ionic strength dependence of the equilibrium 
constant controlling the concentration. Therefore. the rate constant may «cry with 
р Strength through this dependence; this is called a secondary salt effect. This 
«Нес: is an artifact in а sense, because its source is independent of the rate process, 
al it can be completely areeunted for by evaluating the rate constant n the basis 
of the actual species concentration, calculated by means of the equilibrium constant 
appropriate to the ionic strength in the rate study 
‘The observed solvent effect be exi іа 
" cct can pressed. yuuntitatively with the aid of the 
Lctfier-Granald operator ёа introduced in Chapter 7. For rate constant А, mea- 
EUR ji ы, M we have, from transition state theory, ky = (kT/h)exp 
—АСДЫНТ) and siuilaly for Tate constant ko measured in a rci 
Combining these two expressions gives кы энн 








(82) 





Defining BSG! = AGL, — AGS, we get 
ES Ам 
SAG? = —23RT ogi (83) 


The quantity 5,46 is the sulvent effect 

ton changing the medium from 0 to M. 
the reference solvent is held constant in а study in which solvent M is altered ae 
solvent effect may be expressed simply by log fa ! 
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“The solvent may serve only as the medium for the reaction, or it may in addition 
be a reactant, as in à solvolysis reaction. IL is possible that the reaction mechanism 
may bc changed by а change in solvent (c.g.. from Sy. to 5,2) or that the rate- 
determining step of a complex reaction may be altered. All of these phenomena 
can be studied by examining the solvent dependence. One goal of research on 
medium effecte ie to achieve a level nf inslerstanding that will allow us to make 
mechanistic interpretations from such data. To ‘the present time most solvert effect 
studies have consisted of this preliminary phase—resching some understanding — 
rather Шан f confident applications to mechunistic probleme. 





Physical Theories 


тї ео from experimental observations of solvent effects to an understanding of 
them requires £ conceptucl basis that, in one approach, is provided by physical 
models such as theories of molecular structure or of the liquid state. As а very 
simple example consider the electrostatic priential energy of a system consisting 
of two ions of charges Za and Ze in a medium of dielectric constant e, 





Dd 
e вз 


m 


v 





where e is the electronice charge and r 15 the mleriowc distance, 1hls relationship. 
leads us to expect that the dielectric constant may be an important factor in reactions 
of ions and (by extension) of polar molecules and further that the function l/e may 
be а pertinent variable. This iden is developed in Section 8.3 

A quilitetive application of the transition state theory provides a useful prediction 
of the direction of a solvent effect upon the rate of и reaction. Hughes and Ingold* 
introduced this idea in the context of aliphatic nucleophilic substitutions, but it is 
applicable to all types of reactions. The idea is that if the transition state is more 
polar than the initial state, an increase in polarity of the solvent will stabilize the 
transition state relative to the initial state and, thus, lead to an incrzase in reaction 
rate. IT the transition state is less polar than the initial state, an increase in solvent 
polarity will сазе the rate, These statements leave unspecified the meaning of 
polarity, although all chemists share intuitive notions of the concept of polarity, 
based on the expected ability of a solvent to solvate (stabilize) a charged species. 
Thus, we can readily agree that the solvents water, ethanol, svctonitrile, benzenc, 
and cyclohexane are here listed in order of decreasing polarity, although we might 
be unable to agree on a ranking of acetic acid, r-butyl alechol, diethyl ether, and 
acetone, The concept of polarity is а major concern m discussions of medium 
effects, und it will he treated at several points in this chapter, purcicwlarly in Sections 
8.2 and 8.4, 

Table 8-1 shows the application of фе Hughes-Ingold hypothesis to aliphatic 
nucleophilic reactions of various charge types. These predictions are borne out by 
observations оп many reactions. It should be neted*’ that the Hughes-Ingold rule 
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Тан 81. Prelictei Solvent Effects оп Rates of Sw Reactions 











Rate effect of 
тшш Framition Rehabechargem crease in 
Meckanism state state transition siae solvent polarity 
Yo + RX Dispersed пай бесте 
Ya ВХ Increased Large increase 
Y- + RX* Reduced Large decrease 
Y+ RO Dispersed Srrall decrease 
i RX = Increased Large increase 
ш RAY oR XM Dispersed Small decrease 








is based on solvation stabilization and is, therefore, a statement about АН; possible 
shanges iu AS" шау иша Une results. 

Ultimately physical theories shoule be expressed in quantitative terms for testing 
and use, but because of the complexity of liquid systems this can only be accom- 
plished by making severe approximations. For example, it is often necessary to 
treat the solvent as а continuous homogeneous medium characterized by bulk prop- 
erties such as dielectric constant and density, whereas we know that the solvent is 
а molecular assemblage with short-range structure. This is the basis of the current 
inability of physical theories to account satisfactorily for the full scope of solvent 
effects on rates, although they certainly can provide valable insights and they 
undoubtedly capture some of the essential features and even cause-effect relation- 
ships in solution kinetics. Section 8.3 discusses physical thcories in more detail. 


Empirical Correlations 


Another method for studying solvent effects is the cxtrathermodyramic approach 
that we described in Chapter 7 for the study of strücture-reactivity relationships. 
For cxauple, we might seek a correlation between log(k,/k%) for а reaction A 
carried out іп a series of solvents and log(kgikf}) for a reference or model renction 
carried out in the same series of solvents. A linear plot of log( kik) against lop(ke/ 
KR) is an example of a linear free energy relationship (LFER). Such plots have in 
fact been made. As with structure—reactivity relationships, these solvent-reactivity 
relationships can be useful to us, but they have limitations 

The benefit of such LFERs is that they establish patterns of regular behavior, 
isolating apparent simplicity and defining normal or expected reactivity. Against 
such patterns it becomes possible to detect widely deviant ги unexpected behavior. 
As we saw in Chapter 7, we cannot expect great generality from the extrather- 
‘mod uauiic approach, so it may be necessary tn define numerous model processes 
$0 a5 to fit a full range of situations. 

The essential weskness of the correlation approach is that it lacks a “linkage” to 
molecular events. A correlation is not a cause-effect relationship. Ncvertheless, 
with sufficient weight of evidence it becomes reasonable to seck ап underlying, 
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ii t research on solvent 
physical meaning to these solvent LFER, акі most of the recent 
effects has been concemed with this issuc. Section 8.4 is devoted to this type of. 
investigation 


9.2 SOLVENT PROPERTIES 


Physical Properties 


‘Table 8-2 lists several physical properties pertinent to our concern with the effects 
of solvents on rates for 40 common solvents The dielectric constant к. is a measure. 
of the ability of the solvent to separate charges; it is defined as the ratio of the 
electric permittivity of the solvent to the permittivity of the vacuum. (Beccuse 
physicis use the symbol c tor pormitlivity, norme authore ume D for dielectric 
constant.) Evidently є is dimensionless. The dielectric constant is the property most 
often associated with the polarity of a solvent; in Table 8-2 the solvents are listed 
in order of increasing dielectric constant, and itis evident Шай, with а few exceptions, 
this ranking accords fairly well with chemical intuition. The dielectric constant is 
a bulk property. 

The dipole moment р. is а molecular property delined as the product of charge 
(usually just a fraction of the electronic чое. of ri and c ттеп 

vegative charge in the molecule. The dipole moment is 

ыу expressed ie byes (D here TD = 10^" esus in Sl units 1 D = 3.3356 
X 10780 C-m, so, for example, the dipole moment of water is 1.84 D or 6.14 in 
тайк of 107 Cm. Again a rough correspondence is seen between this property 
of a molecule and its "polarity," though £ and p are not precisely correlated. 

The molar refraction, Кы, is а measure of the size of a molecule. It is calculated 
with Eq. (8.5), the Lorenz Lorentz cquation, where n, «l, and M are the refractive 
index, the density, and the molecular weight, respectively 


мо a 
Жы ао 





(85) 


Ф is an estimate of the volume occupied by the molecules (not the free space) рег 
mole. 
s by 
The three properties €, р. and Ru are related. One way tn determine w is 
means of measurements of thc dielectric constant of dilute solutions of the molecule 
їп шп inert solvent. Equation (8-6) wes derived by Debye.” 


ada (- T. 18-6) 





The quantity on the left side of the equation is called the molar polarization, and 
this expression is the Clausius- Mosotti equation. On the right side the quantity œ 
is the puluizability, which measures the case with which an induced moment is 
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Танг #2. Physical Properties of Some Solvents” 


























No Solvent e Ыр Rem? ут сті 
1 петте LM n 53 13.5 
2 n-Hexane 1359 0.08 29.9 179 
3 n-Heptane 1? o м6 198 
> Lyclotexane 22 а ТВ 244 
5 14 Dioxanc 21 0 ит 325 
6 (Carbon tetrachloride Bb 23 262 
т Benzene E o 22 a. 
8 Toluene 28 036 мил 29 
» Diethyl ether pen ыз 25 165 
10 Chloxoforin am їз О 25 EL 
n Rromabenzene 540 1.70 мо 35.7 
D Chlorotenzene So 1.69 м1 32.7 
n Ethyl svelate 6m 178 21 232 
n pem oar rm 150 204 
Is Methyl асас 67 172 175 za 
6 Tetrahydrofuran 13 163 199 265 
п Dichloromethane зо тва шз. 272 
в Butyl alcohol 10.9 166 222 20.0 
19 Pyridine 12.3 219 PE зз 

E] Berzyl alcohol "aa 1л 325 396 

2 2-Methoxyethanol 16 22 155 308 
2 -Butyl alcohol na 166 эз 242 
B i-Butyl їс тл 16 24 225 

E жоруй stecht Lo Loo 170 20.8 

лору slcchat 20.1 1.68 "s 23.4 

26 Acetone 27 2.88 162 29 
27 Acetic anhydride a 28 2а мо 
E] Б 43 169 m 28 

25 Methanol 26 120 82 24 
м Nitroberzeno 3s 42 39 428 
з Accimtde 36.2 sve n2 285 
n N.N-Dirrethyiformamıde 67 386 200 352 
з Ethylene glycol л 228 qs авт 

за N.N-Dinethylacetamide т m 214 EE 

35 Nitrometrane зв 346 125 50.7 

36 Glycerol ans 250 EE uns 
x Dimethyl sulfoxide E] 395 201 ов 

Forme acid s 1 86 34 
3» Water. BS L84 эл тз 
E Formamide по 37 107 585 





Source: Mest of the dara in this table ere from References 197 and 198, 
“At 25°C ог room temperature 


Produced under the influcnce of an electric field. The permanent dipole moment e 
is determined by plotting Ру against UT. 

, The connection between the wula polarization Py and the molar refraction Kyr 
is through Maxwell's theory of electromagnetism, according to which е = и (at 
low-frequency fields). This is the basis for considering the molar refraction a inea- 
sure of polarizaility. 
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The surface tension y is a measure of the work required to create unit агер of 
surface from molecules in the bulk; it is expressed in ergs per square centimeter or 
dynes per centimeter. The surface tension is a “bulk” property. not а molecular 
property. There appears to be same trend of y with other measures of polarity, but 
a lower limit of y is reached with very nonpolar liquids; this limit (evidently about 
15 dynie) reflects the ever present dispersion fore. between the molecules of 
liquid. 

The bulk propertics of mixed solvents, especially of binary solvent mixtures of 
water und organis: solvents, are often needed. Many dielectric constant meusure- 
ments have been made on such binary mixtures!!! The surface tension of aqueous 
binary mixtures can be quantitatively related to composition. 

In шша sections additivua selveut properties will be introduced гъ needed. 








Intermolacular Forces 


In a solution of a solute in a solvent there can exist noncovalent intermolecular 
Interactions of solvent-solvent, solvent solute, and solute-solute pairs. The non- 
covalent attractive forces are of three types, namely, electrostatic, induction, and 
dispersion forces. We speak of forces, but physical thcorics make use of inter- 
molecular energies. Let V(r) he the potential energy of interaction of two particles 
and Fir) be the force of interaction, where r is the interparticle distance of sepa- 
ration. Then these quantitics are related by 


Vin) = ГР 


dvir) 





P(r) = dr 


Thus, for example, if V(r) were proportional to r^^, F(r) would be proportional to 
1^* 9. It is conventional to take as the zero of potential energy the state in which 
the particles are infinitely separated. A negative V(r) is altractive, a posilive value 
is repulsive, We are interested in the dependence of Vir) on r. The following 
treatment is drawn from Hirschfelder et al. (13) 

Consider two particles, 1 and 2, in the absence of a surrounding medium, The 
electrostexic interactions consist of interactions between moments of ions or polar 
пийесшес. ‘These moments are charges (C), dipole moments (и), and quadrupole 
moments (Q). Except for the charge-charge interactions, the electrostatic potential 
erergics depend upon the mutual orientation of the moments; however, the average 
Potential energy V, which ig the anple-cependent potential energy averaged over 
all angles, weighted by Boltzmann factors, is dependent only on the interparticle 
distance. The potential energy functions, with subscripts indicating the type of 
interactions, are 


en» 
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Ven = (8-8) 
Veo = (8-9) 
Vou = (810) 
Vie = ain 
Voo = — (842) 





In Eq. (8-7), which is Coulomb's law, the charges are to be accompanied with 
their signs. Because о! the high-order reciprocal dependence on distance in Eqs 
(8-11) and (8-12), these quadrupolar interactions are usually negligible. For un- 
charged polar molecules the dipole-dipole interaction of Ед. (8-10), which has the 
r” dependence, is the most important contributor to the electrostatic potentia! 
energy. 

The induction (polarization) Forces arise from the effect of а moment in а polar 
molecule inducing а charge separation in an adjacent molecule. The average po- 
tential energy functions are 


аз) 


(814) 





where e is the polarizability 
interaction energy. 

< The dispersion (London) for а quantum mechanical phenomenon. At any 
instant the electronic distribution in molecule 1 may result in an instantancous dipole 
moment, even if 1 is a spherical nonpolar molecule. Thie instantaneous dipole 
induces & moment in 2, which interacts with the moment in 1. For nonpolar spheres 
the induced dipole-induced dipole dispersion energy function is 





^. Notive the r^^ dependence in the dipole-induced dipole 











238 f hb ae, 
ic ай G + z) Z Sind 


where А, J; are ionization potentials. Agai 


Observe also the dependence on polarizuh 
describing an induced charge separation. 





we see the 77 distance dependence. 
', which appears in any expression 
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As the distance between the two particles varies, they are subject to these long- 
range r” attractive forces (which some authors refer to collectively as van der Waals 
forces). Upon very close approsch they will experience a repulsive force due to 
electron-electron repulsion. This repulsive interaction is not theoretically well char- 
acterized, and itis usually approximated by an empirical reciprocal power of distance 
uf separation. The not potential energy ie then а balance af the sttrantive and 
repulsive components. often described by Fq. (8-16), the Lennard-Jones 6-12 


potential. 
m . 
уо) = Wom |(®@ - (5) ] (16) 


In Eq. (8-16), V, is the minimum in the potential well, which is where г = re, 
the equilibrium interparticle distance, and zy is the value of r when Vir) = 0. 
Figure 8-1 is a plot ar Fy. (8-10). The 177 (eun ip die repulsive contribution, and 
the attractive term has the r^^ dependence thet we saw in Eqs. (8-10), (8-14), and 
(8-19) 

If we now transfer our two interacting particles from the vacuum (whose dielectric. 
constant is unity by definition) to a hypothetical continuous isotropic medium of 
dielectric constant e > 1, the electrostatic attractive forces will Бе attenuated because 
of the medium’s capability of separating charge. Quantitative theories of this effect 
tend to be approximate, in part because the medium is not a structureless continuum 
and also hecause the bulk dielectric constant may be an inappropriate measure on 
the molecular scale. Further discussion of the influence of dielectric constant is 
given in Section 8.3. 








o 


vir) 














o "e is 


Figure ВА. А plot of Eq. (8-16), the Lennard-Jones 12 potential energy function. 
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Chemical Interactions 


Chemists often call upon certain chemical types of interaction to account for solvent- 
solvent, solvent-solute, or sokute-solute interaction behavior, and we should con- 
sider how these chemical interactions are related to the long-range nonenvalent 
forces discussed above. The important chemical interactions arc charge transfer 
hydrogen bonding, and the hydrophobic interaction. 

‘The charge-transfer concept of Mulliken" "* was introduced to account for а 
type of molecular complex formation in which а new clecttonic absorption band, 
attributable to neither of the isolated intetactants, is observed. ‘Ihe iodine (solui) 
benzene (solvent) system studied by Benesi and Hildebrand" shows such behavior. 
Let D represent an interactant cnpable of functioning as an electron donor and A 
an interactant that can serve as an electron acceptor. The ground state of the 1:1 
complex of D and А is described by the wave function x: 


фы = ali(DA) + Ыр? —ÀAÁ) 


In this representation (D, A) is often called the no-bond form, but y is defined to 
include all of the noncovalent interactions. (D* — 4) is the dative form, and à, 
represents a covalent contribution to the complex; the physical concept is that an 
electron is transferred [rom D to A. The resulting product of the interaction is called 
a charge-transfer (CT) complex, or an electron donor-acceptor (EDA) complex. 
‘The parameters а and В are related by the normalization aè + b^ + 2abSo = 1. 
where So, is the overlap integral between ig and ij. For weak complexes Sy may 
be negligible, but in general the fractions of the no-bond (Fo) and dative (F,) 
structures contributing to the complex arc as follows: 


Fo= Ф + abSox Р, = B+ арбы 
"The wave function for the excited state of the complex is 


d = aD ——A ) - Бу DL A) 





where а" = a and А" = b. Normally, а? 2» Fè, so the no-bond structure makes the 
principal contribution to the ground slate, whereas the dative structure makes the 
main contribution to the cxcitcd state (a° > b") 

There has been much discussion of the relative contributions of the no-bond and 
dative structures to the strength of the CT complex. For most CT complexes. even 
those exhibiting intense CT absorption bands, the dative contribution to the complex 
stability appears to be minor, and the interaction forces are predominantly the 
noncovalent ones. However, the readily observed absorption effect is an indication 
оГ те CT phenomenon. It should be пока, however, тис elecrrenic absorprion 
shifts are possible. even likely, consequences of intermolecular interactions of any 
type, and their characterization as CT bands must be based on the nature of the 


spectrum and the structures of the interaciants. This subject is dealt with in books 
on CT complexes, I^! 
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Turing to hydrogen bonding. the obvious requirements aie an acid (proten donor) 
and base (proton acceptor), these terms not being restricted te the range of acid- 
base strengths exhibited by measurable pK, values in water, Pimentel and Mc- 
Clellan"" give this definition of a hydrogen bond (Н bond): a Lydrogen bond exists 
when (1) there is evidence of a bond and (2) this bond involves a hydrogen already 
bonded to another atom. In schematic form: 





A-H+B=A-H- 


where the H bond is denoted by dots. This is a partial proton transfer from A to 
В. but it can also be viewed as а partial elcctron-pair transfer from В to A, so H 
bonding can he irterpreted as a form of CT interaction, though the strength of the 
H hond is largely due to the electrostatic (dipole-dipole) interaction. H bonding is 
an important phenomenon in solution chemistry, and the structures of hydroxylic 
Solvents, particularly of water. ore largely controlled by this mode of interaction. 

Hydrophobicity (“water-hate”) can dominate the bekavior of nonpolar solutes in 
water. The key observatione are (1) that very nonpolar solutes (such as saturated 
hydrocarbons) aic uearly insoluble in water and (2) that ponpolar solutes in water 
tend to form molecular ageregates. Some authors refer to item 1 as the hydrophobic 
Фес! and то йет 2 as the hydrophobic interaction. Two extreme points of view 
have been taken to account for these ubpetvations. 

One of these explanations is based upon the structure of water. This has developed 
in large pari from the concept of Frank und Evans that nonpolar solutes induce 
im water a highly ordered local solvent structure, wl uu cuneus that dis- 
solution is entropically unfavorable, Kauzmann?! on this basis developed an inter- 
pretation of the hydrophobic interaction us driven by the release of structured water 
as the solutes associate, the driving force being mainly а favorable entropy change 
This structural interpretation of hydrophobic phenomena has been reviewed by 
Richards 22 ‘Vanford2! and Istaclachvili.* Because this “classical” hydrophobic 

teraction is driven by a favorable entropy change, the sign and magnitude of AS” 
have been taken by many workers as diagnostic criteria for the importance of the 
hydrophobic interaction in an association equilibrium, This view is undergoing 
change, zs will be noted below. 

The other viewpoint is the cavity theory. Cavity models have а long histury, 
especially in theurics vf solubility? but the most extensive applivation to hydro- 
phobic interactions has been by Sinanoglu. ^ (In general, we could speak of 
solvophobic interactions.) The essence of this model is that dissolution of а solute 
in a solvent requires creation of а cavity in Ше solvent, at the expense of споту 
Ay, where А is the cavity surface area and y is the solvent surface tension; the 
solute molecule is then inserted in the cavity, and solute—solvent interactions follow. 
When two solute molecules associate, the change in free energy associated with 
the coalescence of two cavities into one к AAy, where AA. the change in cavity 
surface area, is negative. The hydrophobic interaction, on this view, is а consc- 
quence of the very large surface tension of water (itsel related to the structure of 
water). Both the cavity effect and the solute-solvent interaction term contribute to 
the observed free energy change. 
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Attempts have been made to distinguish between these theories on the basis of 
the AH? and AS" values anticipated for the two theories," but it may be illusory 
to think of them as independent alternatives. The cavity model has been criticized" 
оп the basis that it cannot account for certain abservations such as the denaturing, 
effect of urca, but it must be noted that the cavity theory includes not only the 
cavity term АА+, but also a term (ar terms) for the interaction of the soles an? 
the solvent. A more cogent objection might be to the extension of the macroscopic 
concepts of surface arca and tension to the molecular scale. A demonstration of 
the validity of the cavity conrept has been made with silanized glass beads, which 
aggregate in polar solvents and disperse in nonpolar solvents.2? 

Most of the work on the hydrophobic interaction has dealt with equilibria, and 
we can justify its application to rates on the basis of the equilibrium assumptivu of 
transition state theory, according to which the initial state and transition state arc 
in quasi-equilibrium. The theory of the hydrophobic effect deals with nonpolar 
solutes. Let us улгй die portant cawi ш solutes of moderate polarity. 
The "classical" solvent-structure interpretation is that a favorable entropy change 
is the major driving force for hydrophobic association in water. If water structuring 
is the predominant feature, addition of organic solvents should result in а more 
negative AS? as the solvent structure becomes less important. Crothers «nd Ratner? 
observed such an effect for complex formation between actinomycin and deoxy- 
guanosine. Albergo and Turner? found that alcohol-water mixtures gave ther- 
modynamic quantities consistent with the solvent structure view of the hydrophobic. 
interaction, wherezs mixtures of water and dipolar aprotic solvents eave. for double 
helix formation, a less favorable АН and more favorable AS". Changes consistent 
with structural control were scen for methylene blue dimerization, whereas the 
complex of dopamine with ATP, although destubilized by the incorporation cf 
organic solvent, yields values of AH" and AS? that are not consistent with classical 
hydrophobic interaction.” 

Notice that these interactants are not "nonpolur" compounds. Jencks" has given 
a qualitative description of hydrophobic interaction that incorporates both the cavity 
and the solvent structure medel. The extent to which the solvent structure is 
modified after inseitiun uf dic sulute пиеше into the cavity is determined by the 
polarity of the solute. with the result that the driving force for association may 
appear as either a favorable enthalpy change ог a favorable entropy change. It is, 
therefore, unwise to rely on enthalpy ard entropy changes as decisive criteria of 
mechanism for the driving force of the association.” The view that the entropic 
effect is the dominant one is being questioned. Carbon-13 relaxation time mea- 
surements suggest that motional restriction of solute molecules in aqueous solution 
may account for most of the anomalously large entropy loss on dissolution of a 
gascous solute." Cramer" points out that this entropy change is not very sensitive 
to solute size, and it, therefore, seems not to be а consequence of solvent structuring 
The transfer of а nonpolar solute from water to an organic solvent may be more 
indicative of the solute’s lipophilicity than of Ис hydrophobicity 4° Mirejovsky 
and Arnett?! have concluded that the low solubility of nonpolar solutes in water is 
not due to the large unfavorable entropy change, but rather to the encrgy required 
for cavity formation. ‘Thus, the standard picture of the dominance of water structural 
effects in the hydrophobic interaction is being modified. 
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An associated feature of this problem is the possibility of enlpy entmpy 

P Н " nting 

compensation. Jencks*®*’ has cautioned against confusing cause an >pointi 
ош that АН" and AS? do not necessarily “cause” AG", ard several authors™ 3744 
have noted that changes in AH? and AS? produced by structural changes in the 
solvent may compensate to give little or no change in AC?. Ben-Neim* and 
(Grimwald have given theoretical reasons that solvent structural changes induced 
by a proces cannot contribute to the free energy change for the process, although 
they may affect enthalpy, entropy, and other thermodynamic quantities. As Ben- 
Nain? concludes, SC! for the hydrophahic interaction may depend upon the struc- 
ture of water, but not upon structural changes that occur as a result of the hydro- 
phobic interaction. А 

We will retum to the cavity model in Section 8.3, giving а description in terms 
of tbe so-called solubility parameter. 


Classification of Solvents 


The grouping of solvents into classes with common characteristics can be useful 
in focusing attention on features that may play a role in experimental solvent effects. 
Reichardt's^ MP ? review of classification schemes is thorough. 

Structural classes are often defined, as in this scheme: 


1. Aliphatic hydrocarbons 
Aromatic hydrocarbons. 
Halogenated hydrocarbons. 
. Hydiuaplic solvents. 
Nitrogen compounds. 
Oxygen compounds. 

. Sultur compounds. 


nane 


Such a list can obviously be subdivided as appropriate. —— 
Classification according to Brénsted acid-base properties is useful. 





1. Protan donors (protogenic solvents): HSO,, carbo ylir acids 
2. Proton acceptors (protophilic solvents): amines, ethers. 
3. Proton donor/acceptors (amphoteric solvents): water, alcohols. 


4. Apivtic sulvents, hydiucasbons, CCls. 


A scheme bascd on H-bonding properties is similar, but leadsto a somewhat different. 
identification of characteristic behavior. 





1. H-bond donors: CHCI, CILCL. 

H-bond acceptors: carbonyls, ethers, esters, aromatic hydrocarbons, tertiary 
amines. 

Н bond donor/acceptors: water, alenhols, carboxylic acids, amines, amides. 


4. Non-H-bonding solvents: CCl,, saturated hydrocarbons. 


ө 
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the aprotic class of solvents can be divided into the nonpolar (apolur) aprotics 
und the polar (dipolar) aprotics. Dipolar aprotic solvents play an important role 
in solvent effect studies, in part because of their solvation effects on anion ru- 
cleophilicity. Parker^ defined dipolar aprotic solvents as aprotic solvents. having 
dielectric constants greater than about 15. Common examples are acetone, N,N- 
dimethylformamide (DMF), N,N-dimethvlncetamide (DMA). acetonitrile. nin 
methene, and dimethyl sulfoxide (DMSO). ‘Their dipole moments arc typically 
greater than about 2 D. The designation aprotic for most of these solvents is an 
approximate description, for under the influence of a sufficiently strong base these 
molecules can donate a proton, because the functional group responsible for the 
large dipole moment is acid strengthening. Even in the pure solvent some disso- 
ud ‘occur; for example. the uutoprotolysis constant of acctonitrile is about 

Dack (4) has suggested that solvents be classified on the basis of the product р, 
the clecrroseuic factor. Thee sveo Ww Le nu tleretical Desis for this uncon 
[indeed the dipole moment appears as д^ in physical theory, as in Eqs. (8-10) and 
(8-6)], but єр. does contain more information than cither of the quantities alone, 
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because є and p are not closely correlated (see Table 8-2). However, rhe schere 
possesses the weakness that overlap occurs; for example, єр. for water is similar 
10 that for the dipolar aprotic solvents. If, however, ep: is combined with а second 
dimension measuring the protic quality of the solvent, the solvent classes are dis- 
persed in two-dimensional space. Figure 8-2 is a plot of ep against o an empirical 
measure of H-bond donor ability“ that will be described in Section 8.4. Now the 
dipolar aprotic solvents form a distinct class, and the behavior of water is seen to 
he а normal extension of the class of hydrozylie solvents. 

Instead of using и chemical approach. it is possible to use statistics to organize 
solvents. 5- C"? * Chastrette ct al.” applied principal component analysis to data on 
83 solvents, defining each solvent as a point in the eight«dimensional space created 
with the cight variubles м, Ам. л, а dielectric constant function fir), the solubility 
parameter б, boiling point (bp), and the energies of the highest occupied molecular 
orbital (En) and the lowes! unoccupied molecular orbital (E). Principal component 
analysis nauce this ciglit-dimersioncl space to throe dimensions with the loss af 
only 18% of the information, One principal component, F1, was strongly correlated 
with Me, п, and Ey; itis, therefore, associated with polarizability. F was correlated 
with fic). ii, and bp and was, therefore, considered te refleut polarity, The third 
component, F;, is dominated by E, and was identified with electron affinity. The 
manner in which the principal components were clustered led! to the definition of 
these nine classes. 








Aprotic dipolar (AD). 
Aprotic highly dipolar (AHD). 

 Aproic highly dipolar and highly polarizable (AHDP). 
Aromatic apolar (AR A). 

Atomatic relatively polar (ARP). 

Electron-pait donor (EPD). 

II bonding (HB). 

H bonding strongly associated (HBSA). 

Miscellaneous (MISC). 


"EC M E ais 


Some of the solvent assignments seem capricious, such as ССІ, in ARP, CF,COOH 
in AD, anc CHCI, and C, H4NH» in MISC. From one point of view, it is г triumph 
that а purely statistical treatment, devoid af chemical enpeiivuce or intuition, can 
generate a scheme more or less in accord with chemical concepts. However, it does 
not seem to be superior to the simple application of chemical ideas. 


Solvent Polarity 


The central role of the cuucept of polarity in chemistry aries from the electrical 
nature of matter. In the context of solution chemistry, solvent polarity is the sbility 
of a solvent to stabilize (by solvation) charges or dipoles.^** We have already seen 
thal the physical quantities е (dielectric constant) and p (dipole moment) are quan- 
titative measures of properties that must he related to the qualitative concept of 
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polarity; к has served аз а numerical estimate of polarity more frequently than any 
other property. The product ep, as used in Fig. 8-2, also conveys a quantitative 
sense of polarity. Nevertheless, despite very convincing overall trends of these 
measures with chemical intuition, serious exceptions reveal that no gencral quan- 
titative measure of solvent polarity is to found among the physical properties cited 
earlier. For example, consider dioxane (solvent 5 in Table 8-9), which by te 
measures є and p must be as nonpolar as a hydrocarbon. Yet dioxane is miscible 
with water in all proportions! This apparent inconsistency is a consequence of the 
symmetry of the dioxane molecule, its zero molecular dipole moment being de 
resultant of two group moments that exactly compensate. The water solubility of 
dioxane must be duc to its H-bond donor properties. Thus, we see thet exceptions 
must be made on chemical bases. 

‘The preceding example implied that water solubility is related to polarity, and 
indeed the equating of hydrophilic character with polarity (and of hydrophobic 
cherastes with морала іу) is offen made. Thus, we may add water solubility to 
the list of pertinent physical (or chemical) properties related to polarity. If а sub- 
stance is infinitely soluble in water, high polarity is usually inferred 

Closely related to water solubility as a polarity measure is the partition coefficient 
of a substance between water and an immiscible organic solvent. Most commonly 
the organic solvent is selected to be n-octanol, aad the symbol P is given to the 
cctanoliwater partition coefficient. Then log P is a quantitative measure of hydro- 
phobicity aad, therefore, of nonpolarity. ‘Table 8-3 gives log P values for many of 





‘Tame 8-3. Octano/W'ser Partition Coefficients of Solvents 











Nos Solvent LP тм Solvent Log P 
5 14Dioxane 042 220 But alcohol +0.88 
© Сирюкшымте — 4204 23 ГВшу aleahol +0.74 
700 Вашае +214 2а мору alcohol co 
B Toluene +173 25 0 mPropyl аай зам 
$ Diethyl erher 0X0 26 лела -0.24 

10 Chloroform +198 28 Бшш -ox 
350 Demenz +їзз D Metaal ол 
12 Chorobenzene +284 030 Б 
13 Ебу acetate +07 3 -0.34 
le Acatie arid —024 — 320 NN-Dinsttylfomanie 035 
15 Methyl acetate +018 3з Ethylene glycol -1% 
16 Temahyärofurnn” +022 57 nuromethane -0.21 
Ів HButyl alcohol +639 30 Glen 256 
19 Pyidinc $065 379 Dimethyl sufonide -20a 
ZD Benzyl сво +LIO ай Formi arið 091 
21 2Melloxyethuscl -0n W Water Las 

40 Fenuanide БТУ 





Source: Reframe 49 except as TOLO. 
‘Solvent numbers as in Table 8-2. 
"From Reference 50. 
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the solvents in Table 8-2.°° There is a very rough inverse relationship of log P 
with e, but the two properties are so poorly correlated that they must be responding 
in different ways to the solvent. . 

When the range of chemical types is restricted, regular behavior is often observed. 
For example, one might choose to study a series of hydroxylic solvents, thus holding 
approximately constant the H bonding capabilities within the series. This is a ma- 
tivation, also, for solvent studies in a serics of binary mixed solvents, often an 
organic—aqueous mixture whose composition may be varied from pure water to 
pure organic. Mukerjee et al." defined a quantity 7! for hydroxylic and mixed 
hydroxylic-water solvents by Eq. (8-17) 








molar concentration of OH groups — [OH] вл?) 
molar concentration of ОН in HO 55.5 





For example, [OH] in pure n-propyl alcohol (d? = 0.8016, MW = 60.09) is 
13.34, so Н = 0.240. It is found that H is a linear function of c. 

(йа Section 8.4 we will encemnter many empirical measures of solvent polarity. 
‘These are empirical in the sense that they are model dependent, that is, they are 
defined in terms of а particular standard reaction or process. Thus, these empirical 
measures play n role in the study of solvent effects exactly analogous to that of the 
‘substituent constants in Chapter 7.) 

The widely observed lack of precise correlations among properties that chemical 
experien: kada us to believe aie мыйы slated to polarity has two important 
meanings: First, it tells us that no single property may be taken as а generally 
applicable measure of polarity. Second, it conveys the message that some combi- 
nation of the properties may capture the essence of what we mean by polarity. 





Solvation 


The interaction between a solute species and solvent molecules is called solvation, 
or hydration in aqueous solution. "This phenomenon stabilizes seperated charges 
and makes possible helerolytic reactions in solution. Solvation is, therefore, an 
important subject in solution chemistry. ‘The solvation of ions has been most thor- 
oughly studied 4522 

First, let us consider the formation of ions from covalently bound species, i.e., 
the heterolytic cleavage of the covalent (or purtiully covalent) Lund. Charge sep- 
aration under the influence of the solvent generates an ion pair in a process called 
ionization; this ion pair may then separate into free ions in a dissocierion step (Eq. 
$18). 


анні Са 
R—XL—ÀR*K с 





R'(X (8-18) 





ion pair 





an? KEren а CON NOH. 


uot constant Ki, dissociation constant Ка, and overall dissociation constant 








IRIX] 
Crx 


Rex = 


where Cay = [RX] + [R*X]. It follows ар? 


KK 
Tsk, 





The ionization nonctant should be a function of the intrinsic Растоу апу (С g., 
intrinsic acidity if the solute is an acid FLX) and the ionizing power of the solvents. 
whereas the dissociation constant should be primarily determined by the dissociating 
power of the solvent. Thercfors, Ka is eapected t0 be under the contrul of €, the 
dielectric constant. As a consequence, ion pairs are not detectable in kigh-e solvents 
like water, which is why the terms ionization constant and dissociation constant 
aac йеп used interchangeably. In jow- solvents, however, dissociation constants 
are very small and ion pairs (and higher aggregates) become important species, Far 
example, in ethylene chloride ( = 10.23), the dissociation constants of substituted 
Phenyltrimethylammonium perchlorate salts ure of the order 10%.“ Overall dis- 
sociation constants, expressed as рКъх = — log Kus, for some substances in acetic. 
acid (© = 6.19) are? perchloric acid, 4.87: sulfuric acid, 7 24; sodium acetate, 
6.68; sodium perchlorate, 5.48. Acid-base equilibria in acetic acid have heen 
carefully studied because of the analytical importance of this solvent in titrimet:y 

Ionization is obviously important in the S1 mechanism of nucleophilic substi- 
tution, and indeed two ion pair intermediates have heen invoked.” These are related. 
эз in Eq. (8-19), where (s) represents the solvent. 








ЕХ = ВХ S ROX ART + X (8.19) 





es RX is called ац irsernat, conzacr, or intimate ion pair, and R *(5),X (s), 
sometimes symbolized R*|X , is an external or solvent-separated ion pair. — 

The forces involved in sclute-solvent interactions are those described earlier in 
this section, namely, the electrostatic, induction, and dispersion forces, the balance 
among these obviously depending upon the particular species. The CT and H- 
bonding interactions may be important. Now, itis evident that interaction of solvent 
molecules with a solute molecule or ion will result in a change in the mutual 
arrangement of the oolvuting solvent molecules ielaüve to their arrangement in the 
bulk solution, distant from the solute particle. That is. some modification of the 
solvent structure takes place in the region immediately adjacent to the solute particle. 
This region was called the cosphere by Gurney 5° (Gumey used the term cosphere 
more particularly to describe the solvation sphere around а spherical ion.) ‘the 
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cosphere is also called the solvation shell, and this may be subdivided (particularly 
for aqueous solutions) into region A, the primary solvation shell, where the solvent 
molecules are in intimate contact with the solute particle and are more ordered, by 
the solute—solvent interaction, than they are in the absence of solute; region В, 
tho secondary shell, where the solvent molecules are next-nearest neighbors of the 
tegiv A solvent molecules, ond whore they may be more disordered than in the: 
bulk: and region C, the arrangement of solute molecules in the bulk, distant from 
any solute particle. The cosphere or solvation shell is also called the cybotactic 
region." ^ The problem ot the mutual vrientation of solvent molecules in the 
solvation shell, particularly in aqueous solutions, touches many fields of solution 
chemistry; it is, for example, central to the water—structure model of the hydrophobic 
effect described earlier in (his section, Une important conclusion that may be 
reached, independently of any details of this issue, is that the physical properties 
characteristic of the bulk solvent may not be appropriate to the solvation shell. In 
particular, we may reasonably expect that the dielectric constant on the molecular 
level (often referred to as the microscopic dielectric constant) in the region of the 
solvation shell is different from the measured value in the bulk. 

Solvation can be studied by thermodynamic methods, often combined with ex- 
trathermodynamic assumptions so as 10 cxpress results for individval ions (rather 
than for neutral electrolytes). The solvation energy is the frec energy change upon 
transferring a molecule or ion from the gas phase into a solvent at infinite diluti pu 
This sometimes can be obtaincd from a consideration of the following processes, 
writes for а 1:1 electrolyte: 








Ct A Gorystal) > C* (8) + АЧ) Абы 
Chg) + A (g) ^ C*(soln) + A'(soln) Абы, 
C* A (crystal) — C * (sole) + A (soln) dii. 


Evidently АС, = AGE, + ДСО. The free energy of solution. АС ыл, is obtained. 
from the molar solubility з, ДО, = -RT In s; the quantity АС, is the lattice 
чактуу uf thy cystal, obtainable as the sublimation encrgy. AGS із often small 
because the interaction energy within the solid is comparable with the energy of 
interaction between solute and solvent. C7 2:4 We will return to solvation energies 
in Section 8.3. 

The coordination number is the mmber of solvent molecules in the primary 
solvation shell. This quantity can be estimated (for ions) by conductance measure- 
ments and by NMR. 972 

Because the key operation in studying solvent effects on mtes is in vary the 
solvent, evidently the nature of the solvation shell will vary asthe solventis changed. 
А distinction is often made between general and specific solvent effects, general 
effects being axsuciated (by hypothesis) with some approprinte physical property 
such as dielectric constant, and specific effects with particular solute-solvent in- 
teractions in the solvation shell. In this context the idea of preferential solvation 
(or sclecrive solvation) is often invuked. If a reaction is studicd in a mixed solvent, 
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preferential solvation of a solute by one component of the solvent mixture will lead 
toa solvation shell composition cnriched in the preferred component. (This is called 
solvent sorting. \ Preferential salvation effects may he revealed by widely discordant 
members in an otherwise well-behaved correlation of reactivity with а solvent 
property or by a correlation that trends in the reverse of the expected direction. An 
cvample is the reaction of ethyl bromide and N,N disthylaniline in a veries of normal 
alcohols." This is called a Menschutkin reaction. 


EtD + Сону, — Cots “Ett 


The reactants are neutral, the product is charged, so some charge separation must 
have occurred in the transition state. According to the Hughes-Ingold hypothesis 
(Section 8.1), we therefore expect the reaction rate to increase as the solvent polarity 
is increased. Such behavior is often observed for Menschutkin reactions, as we will 
sec in Section 8.3, In this study, however, it was found that the reactivity decreases 
as the polarity (measured by the dielectric constant) increases. It can be conjectured 
that preferential solvation of the polar transition state by the polar alcohol occurs, 
this selective effect overcoming the general polarity control of the rate. The greater 
effectiveness of long-chain alcohols indicates that these may interact with the hy- 
drocarbon substituents in the transition siate The very lame entropy decreases 
observed (AS* ~ — 70 eu) arc consistent with the restriction of solvent molecules 
їп the activation process 

Another example of preferential colvation in provided by the inhibition by оланы 
of the aryl alkylation of phenol by t-butyl chloride." 


CECI + CoHOH — еСану-Сын, Он + HCI 


The decrease in rale was proportional to the concentration of dioxane in the reaction 
mixture. An equivalent concentration of p-xylene (whose dielectric constant is 
similar to that of dioxane) produced a smaller decrease, consistent with simple 
dilution of the reactants. It was, therefore, hypothesized that dioxane forms an H- 
bonded molecular complex with phencl, the complexed form of the phenol being 
unreactive. The data could be accounted for with a 2:1 stuichiuuetiy (plic- 
nol:dioxane). This argument was supported by experiments with tetrahydrofuran, 
which also decreased the rate, but which required a 1:1 stoichiometry to describe 
the rate data. 

The remarkahle enhancement of anion micleophilicity in $,2 renctions carried 
ut in dipolar aprotic solvents is a solvation effect. Solvents like DMF and DMSO 
are very polar owing to the charge scparation indicated in 1 and 2, 
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Because the positive pole is relatively "sheltered" from close approach, these sol- 
vents cannot effectively solvate anions, which, therefore, display an enhanced 
nucleophilicity.® 


8.3. PHYSICAL MODELS OF MEDIUM EFFECTS 


Neutral-Neutral Molecule Reactions 


We have two cases to consider here. If the reactants are nonpolar and the products 
ше nonpolar, it is а reasonzble hypothesis that the transition state also is nonpolar. 
In this case, the Hughes-Ingold hypothesis (Section 8.1) leads us to expect that 
the solvent will have litle effort on the mte The decomposition af azn romprunde 
provides an example. ‘he reaction is 


R—N—N-R > N; + 28 


the final disposition of the free radicals depending upon the reaction conditions; 
dimerization to R-R may occur. Table 8-4 gives kinetic data of Peterson et 21.2 
for the decomposition of 2,2’-azobis-(2-mcthylpropionitrile) [R = MeXCN)C - 1 
їп мае less сини! solvents, A vunisitiedble ruge uf sulvenit typos awd polarity 
is represented; thus, е = 4.9 for dimethylaniline, whereas е = 64.9 for propylene 
carbonate. These kinetic data are very precise, so the small rate differences in the 
several solvents are real; but the essential result is that the reaction is relatively 
insensitive to the solvent. 

If two neutral reactant molecules yield a polar product, then presumably the 
transition state will be intermediate in polarity, and we anticipate an increase in 
rate as the solvent polarity is increased. A quantitative formulation of this casc“? 
is based on Kirkwood’s expression for the тее energy of transfer of a dipole of 


тлы 8-4. Kinetics of Decompestticn 002,2'-Aztbls- 
Qvetlylpropionitiile) at 67°C 








Solvent 10 eet 
Diethylene glycol monc-r-hurjl ether 2n 
Diethylene буса die buryl ether 244 
Propylene carbonate Ln 
1 2-bis(Renryleay)ethane, 310 
Dipherylmethare 20 
 N-Metlylprepioramide. 294 
N-Methyl-N-benrylariline 327 
Dimetlylusiline. 339 








Source; Reletane 02. 
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moment p from a medium having е = 1 to a medium of dielectric constant £, 


" 2 (е1 
aci -= -5 (x) (8-20) 


where z ix the molecular radine This equation accounte only for the electroctatie 
component, and it treats the solvent as a continuous isotropic mcdium. We can 
apply Kirkwood's equation to the reaction of two molecules A and B having dipole 
moments jig und py and forming the transition state M^ with dipole momeut рид. 
Writing Eq. (8-3) as 

k 


5407 = AGE — AGE = -KT in D (8-21) 
о 


un кымде Dia чө the Монада Resotion of Tristhylamine and Бау Indide м 25°C 














No. Severa E JC KM"s' 40 кса mol ' 

1 Hexane 149 0.005 26.98 
2 Cyclehexanc. 242 00216 26.60 
3 Diethyl ether 44 0.359 ea 
а Carvon tetrisbloride 223 ол22 mm 
5 1,1, I-Trichlorocthane 725 ум 216 
в Toluene 238 эз? zs 
7 (Cyelohexyl chloride 521 за 
8 CCyelohexyl bromide - 615 23.2 
0 Benzene s 23.21 
w ЕИ acetate T* 2165 
m Омак zn m zm 
2 Tetrahytrofiren TR ил zm 
з Ethyl Бепгоше 60 BR za 
n Chlorotenzene se 195 эч 
р] Brometenzene 54 заа юз 
n 1.4 Dichlorcethane loo 23.7 220 
17 Chioform 470 30.1 zn 
18 Methyl ету ketone Lo 56 2 
19 Todobenzene m 502 za 

2 Аслон 207 65.4 ne 

» 1-Dicklorcethane: 104 ШЕ) 21.47 
2 Dichloromet*ane. m By 21.42 
2 Acctoptenore 17.4 140 2135 
x Rerronitrle 252 152.0 13 
2s Propionitrile 265 no 21.25 
26 Nitiobercene E 184.0, 222 
n Dimethyl tomar 367 2160 20.94 
2 14 2,2 Tete Meet m эш 2090 
E) Acstonitrile 36.2 m 20.64 
м шопка 386 333 204 
s Propylene carbonate ыз E 20.31 
» Dimethyl sulfoxide © 873 20.05 








Source: Reference 65 
PAG! is eclculamed on the mole frncion sval. 
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where hy is the rate constant in а hypothetical medium of © = 1, and combining 
Eqs. (8-20) and (8-21) gives 
x КИСИ" 
= inb + > (=) (ER РА е (822) 
ILICE EE 


where N is Avopadro's number. Equation (8-22) predicts a lincar relationship 
between log K and (e — 1W2e + 1). Мапу tests of this prediction have been 
made. A favorite test reaction is the Menschutkin quaternizatien reaction: 


RN + RX KAN* +X 


The neutral reactents possess permanent dipoles, the product is ionic, und the 
швы state must be intermediate in ity cberpe separation, co an increace in 
solvent polarity should increase the rate. Except for selective solvation effects of 
the type cited in the preceding section, this qualitative prediction is correct. 

able 8-5 gives data for the Menschutkin reaction uf Uivtlylauine aud cthyl 
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Figure 8-3. Plot of free energy of activation for the Menschuükir reaction EDN + ЕЙ — ЕШМ + 
1- against the Kirkweod dielectric constant function. Data are from Table 8-5, where the solvents 


ate identified 
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iodide in 32 solvents"! The second-order rate constant is expressed on the molar 
concentration scale, whereas the free energy of activation, AC, is on the mole 
fraction scale. [This conversion (which results in some changes in the rank ordering) 
yields the unitary quantity discussed in Section 6.1, see Eq. (6.29).] A plot of 
АС? against the Kirkwood dicleetric constant function is shown in Fig. 8-3. Al- 
though the expected trend is seen, the adherence to Eq. (8-22) is obviously poor. 

Aside from the assumptions implicit in Eq. (8-22), selective solvation effects prob- 
ably contribute to the scatter seen in Fig, 8-3. Certainly the dielectric constant alone 
is not capable of accounting for the solvent effert on this reaction. When the 
Menschutkin reaction is carried out in binary mixtures, much better adherence to 
a straight line is seen, and from the slope of the plot estimates of the dipole moment 
of the transition state can be made [see Eq. (8 22)]. We will rium to the analysis 
of the data in Table 8-5 later in this section. 

Some authors plot log k or AG! against 1/е rather than against the Kirkwood 
fuuctivu."^ Sime I/e io valy ly їс? w {e — Ze + 1), within he 
assumptions of a theory in which the solvent is treated as a continuum this substi- 
tution of variable is not serious. Another approach is to interpret the solvent de- 
pendence ot the Hammett reaction constant p on a dielectric constant function. 











lon-Neutral Molacule Reactions 


The quantitative theory of ionic reactions, within the limitations of a continuum 
иил] vf the чус, is bascd uni thie Dui equation fr dhe elecuesuiic free energy 


of transfer of an ion from a medium of = 1 to the solvent of dielectric constant 
e 
E 


ze 1 
ё c IAE 
Ace » 3 (823) 


where 7; is the charge of ion i. For the activation process 
А +В М 


we apply Eq. (8 23), letting A ard В both be ions, just as in the carlicrdeveloprcut 
of Eq. (8-22). The result is? 7 


юв = ing + -2(8-2-3) (8-24) 


Лам т, 


where 2м — Za + Za. ГА is ап ion and В is a neutral molecule, this becomes 


Nz 





Ink, = Inky — 





ё 1 Тм Fs т 
zr (" 3f c) SL 


Since гы > ra, Eq. (8-25) predicts that А, will decrensc us e increases. This is the 
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same prediction that we would make with the Hughes-Ingold hypothesis, for the 
fansition state is less polar than the initial state (the ionic charge being dispersed 
into a greater volume in the transition state). 

8,2 reactions with anionic nuclcophiles fall into this class, and observations аге 
generally in accord with the qualitative prediction. Unusual effects may be scen in 
solvents of low dielectric constant where ion pairing is extensive, and we have 
already commented on the enhanced nucleophilic reactivity of anionic nucleophiles 
in dipolar aprotic solvents owing to their relative desolvation in these solvents. 
Another important class of ion-molecule reaction is the hydroxide-catalyzed hy- 
érolysis of neutral esters and amides. Because these reactions are carried out in 
hydroxylic solvents, the general medium effect is confounded with the acid-hasc. 
equilibria of the mixed solvent lyate species. (This «me problem nerurs with $42 
reactions in hydroxylic solvents.) This equilibrium is established in alcehol—weter 
mixtures: 












OH + ROH = RO + H0 


“Lhe position of equilibrium depends upon the identity of the alcohol aud the vun 
position of the mixture. Figure #4, given by Burns and England," shows the 





100 


яо 
MeOH 


Percent tase present as OH at 25°: 











ZOJ 60 86 
Volume percent water in solvent 


Figure fed. Fraction of toul base present as hydroxide ав a function of the percentage of water in the 
tinary wlvent, for ethanol. water and methencl_water mivt sec D 
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profound difference in this equilibrium for ethanol-water aud methaswl—water mix- 
tures. For example, in a methanol solution containing 20% water, about 6% of total 
hase present is hydroxide, the remainder being methoxide; in the corresponding. 
ethanol water solution, about 60% of the base is hydroxide. This difference has 
Kinetic consequences because the nucleopkilicity of these Iyate ions varies in the 
order CjH,O- > CH,O > OIL! see Table 7-16 also. 


lon-lcn Reactions 


Equation (8-24) is the result of the simple electrostatic model for the reaction of 
two ions A and B. combining to form the transition state М! in an isotropic 
continuum of dieloctric constant e. Because 2м — Za + Za, if the two ions have 
opposite charge, the charge on the transition state will be zcro oc at least smaller 
than that of опе of the ions, and Eq. (8-24) predicts that k, will decrease as e 
increases, If the ions bave tiic same charge, Zi WUL De larger than Zå + Zi, and 
the opposite solvent effect is predicted. The qualitative Hughcs-Ingold hypothesis 
is in agreement with these predictions. Experiment shows reasonable agreement 
with the predicted 1/к dependence for binary solvent mixtures. PP ӨЗ Entelis 
and Tiger) C" 5 have given a detailed discussion of electrostatic models of medium 
effects. 

Another way to examine ion-ion reactions is to study their response to ionic 
strength in aqucous clect:olyte solutions. ‘The usual formulation is to combine the 
transition state expression 

















Yayı 
ER HOM e2% 


with the Debye-Hückel equation for the dependence of u 
strength I: 





tivity coefficient on ionic 


га AZIVI ps 
ENS TE vi «27 








Tt is common to write а = un = ay = a? for the ion contact distance. With this 
condition, Eqs. (8-26) and (8-27) yield 


DZZSAVI 
logk = log k + 07 -2 
log BA T AVI (8-28) 
or, for very low ionic strengths, 
log К = log ka + 22,pAV7 (8-29) 


Since A = 0.509 for water at 25°C, Eq. (8-29) predicts that the limiting slope of 
a plot of log k against V/7 is approximately equal to the product Z,Zy. This prediction 
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1 ч n (8-28) con: tes a quantitative 
verified for шашу reactions.” Equation ( Д 
үрө с. primary salt effect Note that the qualitative Hughes Ingold 
Куо isin agreement with the direction of the salt effect, provided an increase 
їп ionic strength is construed lv be an increase in solvent polarity. SURE 
An important cautionary note must be inserted hers. И may seem that 
of the. "dt effect on the reaction rate might provide а means Crone 
betwee! га a Hus suche as АШАТГВ] л Р 
‘two kinefically equivalent га te n V 
for, ар to the poe development, the slope of log k vs. VI should be 
0. whereas that of log Р vs. V7 should be —1. This is completely illusory. These 
o rate terms are kinetically equivalent, which means that no kinetic experiment 
fan distinguish between them. ‘To show this. we write the rate equation inthe twa 


equivalent forms, making use of Eq. (8-26): 








v = MEAIB] = 1, 5^ [НАЙВ1 (830) 
У АТА ВНУТ = pe DACIEBH*] (&31) 





where А, and Ky are independent of ionic strength. Defining acid dissociation con- 
stants in the usual way 


_ DENAN зи Ya 


е 
КС HAL чы 
ки! _ HIB) e 


7 [BH'] Yen 
gives, upon dividing К^ by КЁ! and rearranging, 


m 2 
НАН ушл» = к чл-Үвн+* [A TBH*] (632) 


Substituting Ea. (8-32) into (8-30), 






- К) 
v = в САН gs 





(8-33) 


TA 


The dissociation constants are thermodynamic corstanis, indepen of ionic rene 
forc, identical in it a 
on (8-33), which was derived frora (8-30), is, dercforc, п 
pem po with Eq, GSD. Therefore. вай effects cannot be used но dis 
iünguish between Fas. (8-30) and 8-31). Another way to express this is that і 
kinetically equivalent forms can be writen, it i$ not possible to determine, on the 
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basis of kinctic results, whither the salt effect is primary ur secondary. Weil and 
Mortis” encountered this problem in the chlorination of ammonia, 


HOCI + NH, NI 





1+ ња 


the rate equation being expressible in the cquivalent forms (as shown by a bell- 
shaped pH-rate prole): 


v = KHOCII[NH.] = КОСІ ][NH£] 
“The formation of urea from ammonium cyanate, 
NH? + CNO — (H,N),C=0 
is another example, the rate terms being” 


v = KINHZIICNO | = K'INH,JIHCNO] 
The Cavity Model 


In the models discussed thus far in this scction, emphasis has been placed on 
electrostatic effects and solvent polarity. An alternative view that to some extent 
takes other forces into account begins with the idea that, in order to dissolve a 
solute molecule in а solvent, energy is required to create а cavity in the solvent. 
the solute is then inserted into this cavity. In Section 8.2 wc saw that the energy 
to create а cavity can be expressed as а product of the surface area of tbe cavity 
and the surface tension of the soivent. An equivalent exprcssion is obtained гв the 
product of the volume of the cavity and the pressure exerted by the solvent, and 
we now explore this concept 

‘The pressure exerted by the solvent is called its internal pressure т. and it is 
defined by Eq. (8-34), where E is molar energy and V is molar volume. 


= (5) м) 
т av); (8-44) 


The internal pressure is a differential quantity that measures some of the forces of 
interaction between solvent molecules. A related quantity, the cohesive energy 
density (ced), defined by Eq. (8-35), is ап integral quantity that measures the total 
molecular cohesion per unit volume." " 5^ 





eed = SS = Se = 8-38) 





In Eq. (8-35), AE,,, is the molar erergy of vaporization, and АН, i» the molar 
heat of vaporization. In effect, т is a measure of the energy required to break some 
uf the sulvent-sulven forces, whereas aed is a measure of the energy required t 
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Тань 86. Intemal Pressure апа t onciive Energy Density d) of Solvents 











Solvent amical ст? сейса erc? себат 
Ethylene glycol 120 20 sé 
m тэз x Yo 
Acetophenone 1093 109 446 
monyi ойде; E E acr 
Toluene из юв am 
Ltbyl acetate “s mo 3374 
Ciber reich юа 4.6 зоо 
Acetone 305 5 363 
Ethanol Os 168 em 
‘Methanol En 212 в 
Diethyl ether бз 2s 
Pentane яғ 302 2038 
Маст чо sms 22 608 





Source: Reference 75. 


break all of the solveni-solvent forces. Consequently т and ced end w have very 
similar values for nonpolar solvents, but ced is much larger than т for hydroxylic 
solvents where strong H bonds are not broken in the differential measurement but 
arc broken in the integral measurement. Table 8-6 gives values of ar znd ced (ш 
two units) for some solvents.” Barton’® gives conversion factors for т and ced 
units 

"This approach to solution chemistry was largely écveloped by Hildebrand" in 
his regular solution theory. A regular solution is one whose entropy of mixing is 
ideal end whose enthalpy oF mixing is nonideal. Consider а binary solvent of 
components | and 2. Let m and n be numbers of moles of 1 and 2, ф, and фо 
their volume fractions in the mixture, and V, V. their molar volumes. This treatment 
follows Shinoda.” 

“The total energy of condensation from the ideal gasto the liquid state (the reverse 
process of vaporization) es a consequence of 1-1 contacts (i.e., intermolecular 
interactions of component 1 with liks илеше) is the product of the enorgy of 
comlbensation per unit volume. the volume of liquid, and the volume fraction of 
component | in the liquid, or 





Ат, 
щУ + т» 


(8-36) 





teat nbs ts 


where AE, is the molar energy of vaporization. A similar expression is written for 
2-2 contacts. 

We define the energy of condensation per cubic centimeter of 1-2 contacts 
as —B£,2/(V,V2)'". Then the total energy of condensation in the mixture due ro 
12 contacts is 


2AE mna. 


(837) 
mV) + от» 


(пузо + љу) = - 





аа камыт л. conons 


‘Then to find the total energy ol condensation of п, moles of 1 with n» moles of 2. 
же add the 1-1, 2-2, and 1-2 contributions to obtain i 





BE mV, + 2ДЕ omm V] 


"з + nVa 








For the condensation, without mixing, of the purc liquids, the energy change would 
be 


ZAE, = — (AF, + mAAR) (8-39) 


Therefore, the energy of mixing is the difference between (8-38) aud (8-39), or 
-Em — (CAE) — AE — Ем. 








амаа [Ат AF» ZAE, 
AE, е : s] (840) 


"T +; и vs Q3 

- Recall that regular solution theory deals with nonpolar solvents, for which the 
dispersion force is expected to be a major contributor to intermolecular interactions, 
The dispersion energy. from Ea. (8-15). is for 1-2 interactions. 


NET Л 


Е 2 пав 








polarizability and Гі 
жал = fy, giving 





nization potential. For like molecules a, = аз 








Oy = = Зала Un = Xo AY 
Combining these expressions yields 
Xy 
Л = = aad"? 
Uoc ppg Uli 


Because molecules | and 2 ше both nonpolar, they do not differ greatly, so we 
assume J, == P; therefore, 243) Д1, + 12) = 1. Hence, 


Un = QUU)? (8-41) 


Equation (841) is callcd the geometric mean approximation: it is often used in 
approximate theories. We apply this resni to Fy (X40), defining АР, = 
(AF,AE;)'. This gives 
uy 
) ] (842) 


AR, = Va ( 
тї + ns 
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We encountered the quantity AE, „ЈУ in Eq. (8-33); it is the cohesive спау 
density. The squarc root of this quantity plays an important cole in regular solution 
theory, and Hildebrand named it the solubility parameter, 5. 


vi 
— A (=s) (8-43) 


Using Eq. (8-43) in (8-42), 


тп У. 


тї + nVa 





AEM B — 8)? (8-44) 





Next we differentiate Eq. (8-44) with respect to 75, obtaining the partial molar 
саву of mixing of 2 in I: 





адЕм\ 
М = aam = фа, — BY 8-45) 
(87; > = 





For an ideal solution the entropy of mizing is AS, = —R In x». where x, is the 
mole fraction of 2. Writing AG» = АН» — 745, and identifying AH, ак AF; (which 
is equivalent to equating the Gibbs free energy and the Helmboltz free energy) 
уйй. 





AG, = Vbi, — 8)? + RT Ina (8-46) 





Because jo — p$ = AG, = КТ In аз, where p is chemical potential and аз is 
activity, Fa. (8-46) becomes 





a 28) - 5) 3 
Wi = in = ELT (8-47) 


where yz is the activity coefficient of component 2. Equation (847) is а fundamental 
result of reguler solution theory. The quantity х, is interpreted as the mole fraction 
equilibrium solubility, and а, is the activity of component 2, equal to the activity 
of the pure component. If the solution of component 2 is very dilute, фи = 1, and 
Eq. (8-47) becomes: 


RT In ya — УД, — 82) (8-48) 


We now apply Eq. (8-48) to the kinetic problem expressed as Eq. (8-26), obtaining 
Eq, (8-49) 


RT Ink = constant + VA(b — È + Valèn — S — V's — By? (849) 
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which сап tc morc succinctly written 


RT Ink = constant + X V(By-&)* — VB. — Б? (8-50) 


where 5s is the solubility parameter of the solvent. The molar volumes of reactants 
(Vg) and the transition state (V^) are determined by their van der Waals гый nnd 
by the internal pressure of the solvent. Sclvent-solvent cohesive interactions form 
a cavity about each solute species. In addition, solute-solvent interactions may act 
to decrease the cavity volume: this phenomeran is called electrostriction. 
Introducing the activalion volume AV! = V* — X V, into Eq. (8-50) leads to 








RT In k = consanti + X Vala- Bj? — 28(55— 8] — AV, By? 
(8-51) 


For a given reaction studied in a series of solvents, (ёр - 54) іо хамошіаПу оята, 
amd most of the change in In k will come from the term — AV, — $y)? If 
AY is positive, un increase in 85 (increase in solvent internal pressure) results in 
a rate фалсезе. ІГ AV” is negative, the reverse effect is predicted. [hus reactivity 
is predicted by regular solution theory to respond to internal pressure just as it does 
to externally applied pressure (Section 6.2). This connection between reactivity and 
internal pressure was noted long ago,” and it has been systematized by Dack.*^* 

1 should be noted that the cohesive energy density, and, therefore, the solubility 
parameter, is а well-defined physical property. independently of any assumptions 
and approximations of regular solution theory. However, we must not expect regular 
solution theory to apply with exactness to polar liquids. A major application of the 
solubility parameter concept is to the solubility of nonvolatile salutes such as 
polymers. According to Eq. (8-46), the free energy of mixing is minimized when 
$, — b, that is. when the solubility parameters of solute and solvent are equal 

This is why a blend of twa solvents may dissolve a solute more effectively than 
either pure solvent, For example,” a mixture of ether (8 = 7.4) and ethanol (8 = 
12.7) dissolves nitrocellulose (8 = 11.2), although neither pure liquid is a good 
solvent for this polymer. 

‘There have been many attempts to divide the overall solubility parameter into 
components corresponding to the several intermolecular forces. For example, a so- 
called Чисс-йїшгнзйлиай sulubiliry parameter concept is built on the assumption 

thal the ced is an additive function of contributions from dispersion (d), polar (р), 

and H-bonding (h) forces. It follows that 

















83 = 82 4 82 + ag (8-52) 


Evaluation of the individual contributions requires extrathermodynamic assumptions 
and unulysis of a body of dala so a» tu achieve a self-consistent scr of numbers. 
For this reason, there may be small differences between &, of Нд. (8-52) and the 


5 defined by Eq. (8-43). Table 8-7 gives value of 8, 8, 84, 8,, Òn for the solvents 
of Table 8-2.7° 











meom errem a7 
Tame 8-7. Solubility Parameters of Some Solvents” 
eat? en 
юг Solent 5 n м а d. 
70 m та оо m 
3 тНерше 74 75 75 00 оо 
4 Cyclohexane 82 az 82 0.0 0.0 
5 Dime wo aen °з 09 36 
6 Carbon tetrachloride 86 87 87 90 95 
7 Benzene 92 E эо оо 1 
8 Toluene ay 89 m 07 10 
9° Dicthyl ether 74 11 1,1 14 2 
10 Culorooen эз 93 22 15 28 
n Bromobsnrcne 98 106 mo 27 о 
n Corobirzene эз De ^ E : 
B Еу! aceite 9л 89 77 26 КЫ 
D Acetic acid 101 105 n E : 
n Methyl scene Е 22 76 35 эл 
16 Terrahydrofuran 9.1 95 82 28 PH 
п Dichlorouethane. әт 9» as эл Е 
n tut alenhol EA = a 
Pyridine 107 m эз аз 25 
0 Fold юш o» n ез 
21 2-Metboxycthanol ua 12. | Я T 1 1 ae 
2 Ie еа na 1 
E Твшу atona ws 108 71 2s n 
24 EPropyl alcohol ТЕ из эл 30 ка 
25 se Prooyl sleobol n3 120 78 E iot 
ж окпе 3» эв 1% ы за 
т Acetic шу юз ә E s Я 
28 Ethanol 12.7 13.0 17 43 € 
29 мета! 13 des Ta ee we 
30 ‘Nitrobenzene 100 10.9 98 42 Br 
al Acetonitrile no 120 75 вз Б 
эз Dimehylicememide 124 121 85 s o8 
33 Fthylene glycol "m 161 83 Е 2 
ы Diane de тоз па s2 s E 
35 Nitzometlane 127 123 77 °з B 
36 Сусе 165 m 83 5 E 
37 Dimethylulfoside 120 13.0 9.0 8. б 30 
38 Founic acid 121 122 0 5 Eu 
ээ Sane 2a à зк 78 о? 
40 Formamióc: 192 no 84 128 





Source: Reference 76. 


"To convert B in cal ста 22 to 8 in MPa", muliply by 2.046. 


Hcobered as in Table 9-2 amd ranked in order of increasing diclcetric constant, 


Vales uncertain. 
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Strictly speaking Eq. (8-51) should be applied only to reacting systems whose 
Molecular properties are consistent with the assumptions of regular solution theory. 
This essentially restricts the approach to the reactions of nonpolar species in nonpolar 
solvents, Even in these systems, which we recall do not exhibit a тїшКей solvent 
dependence, correlations with $$ tend ta he poor 5: 190-4 Nevertheless, the sol- 
wbility parameter and its partitioning into dispersion, polar, and H bonding cou 
ponents provide some insight into solvent behavior that is different from the 
formation given by other properties such as those in Tables 8-2 and 8-3, 





Separation of Initial and Transition State Solvent Effects 


We have defined the solvent effect (medium effect) on а reaction by 


fuAG' = toi — at 





k 
-RT in = 8. 
rm (8-53) 


where Iz, and k, are rate constants in solvouts S und 0. Thus, 6yAG* is accessible. 
However, this quantity is a composite of effects on the initial state and the transition 
state. We have, earlier in this chapter, made guesses about the relativo importance 
of these contributiuis iu the observed solvent effect, as when we applied the 
Iloghes-Ingold hypothesis to the Menschatkia reaction, but we could not know if 
the guesses were correct. To achieve a better understanding of the effect of the 
эйи un reactivity it would be desirable to dissect x AG" into initial and transition 
state effects. 
Неге is one way to attack the problem ^99*! Equations (8-54) constitute defi- 

nitions of AG? in the two solvents 





AGE = Gi - ch (à 
AG = (Gh - GE (8.54) 


Аз usual the double dagger sigrifies the transition state and R the resctant or initial 
Mate, Subtracting these equations, with slight rearrangement of terms, gives 


БАС? = (05 - Gi) — (GE - GB) (8-55) 


We mow define a quantity 8467, for state i by 





6, = (8-56) 
Applying Eq. (8-56) to (8-55) yields 
BAG! = RO, — SGE (8-57) 


The quantity 3G. is called the tamsfer free energy; it is the (standard) free energy 








месшметеестэ a9 
change for the transfer of 1 mole of i from solvent 0 to solvent S. Equation (8-57) 
constitutes а formal separation of the observed solvent effect into effects on the 
reactant and transition states. (A similar analysis сап be given for solvent effects 
оп equilibria.) 

‘To use Eq (8-57) we require an experimental measure of the transfer fne energy 
for the reactant: then Eq. (8-57) permits the transfer free energy for the transition 
state to be calculated. First. consider this equilibrium process: 


кы 
solute in solvent 0 = solute in solvent S 


At equilibrium, the ratio of concentrations is ап equilibrium constant, so we сап 
write the standard free energy change for the process 28 


= -Kr nË 
^ 





AG = - RT In Ka 


However, AG* for this process is the ansfer fice cuorgy, which we indicate by 
the symbolism in Ец. (8-58) to make clear the direction of transfer. 


GS-0) = -RT a Ž (8-58) 
о 


This experiment requires that ће solvents O and S be immiscible; then the ratio 

cx is the parition coefficient. The experiment should be carried out at sufficiently 

low concentrations that solute-solute interactions are negligible in both solvents. 
If solvents © and $ ате miscible, the following scheme can be used. Consider 


this sct of mutual equilibria; 


solute in solvent 0 = solute in solvent 5 


vi 


solute in 
phase X 


Defining equilibrium constants for each equilibrium shows that 


KG») 6 
KOH а 





К(8<0) = 


asc X as pure solute; then cs and со become the equilibrium 
(8-58). Again the concentrations: should be in the dilute range, but nonidcdlity is 
mor a great problem for nonelectrolytes. For volatile solutes vapor pressure mea- 
surements are suitable for this type of determination, and for electrolytes electrode 
potentials can he used. 
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Sume authors'^^*^ express the transfer tree energy in the torm of an activity 
cocfficicnt defined by Eq. (8-59). 


1 
Bau S«-0) = — RT In yD) ^ RT In yS) (8-55) 


т.050) is varicusly called the trarser activity coefficient, solvent or medium 
aciivity coefficient, degenerate activity coefficient, or simply the medium effect 
Several symholisms are used Recnuse 8,6, (340) describes solute-solvent inter 
actions, so docs ¥,(SO); that is, this activity coefficient is а measure of solvation, 
not of solute- solute nonideality effects. For this reason the term distribution coef 
ficient of Койо and Bruckenstein,®-» 992 scoms apt. 

Because it is impossible to vary single ion concentrations independently, the 
activity coefficient of un electrolyte is n function of activity coefficients of the cation 
and anion of the cisvuviyte. Tur exauiple, йл 1.1 elriulytes the retarlonstip Is 








Ye = (үзү? 


Without some additional relationship it is impossible to resolve y. into y. and 
+... By introducing an extratheruodynamic assumption as this additional relation- 
ship, it becomes possible tc estimate single ion transfer activity coefficients. A 
widely used assumption is that the transfer activity coefficients of the cation and 
anion of tetraphenylarsonium tetraphenylorile, PhyAc*RPh;, are equal, i.e., 





ЫРМА (S0) = y,BPhy (50) 


By combining these ions with other counterions, single ion transfer activity coet- 
ficients are calculated. By these techniques transfer free energies or activity coef- 
ficicnts have becu determined for шану ious and mouelectiolytes in a wide varicty 
of solvents.***#" Parker"! has discussed the extrathermodynamic assumptions 
that lead to single ion quantities 

In Section 8.2 solvation energy Аб, was delined as the free energy change 
upon transferring a solute from tbe ges into а solvent. We can now relate the trunsfor 
free energy to solvation energies: 


BGS 0) = AGLI) AG cal) 
Usually Bi, is а small difference between two large numbers, su itis more accurate 


to measure буб, directly by the techniques discussed above than to estimate it 
indirectly. Solvation is then usually considere 





terms of transfer free energies 





M а solute 15 better sulvated in S than in ©, then 8y4G,(S<0) is negative and 
ALSO) is less than unity. Comparing Ege. (8-58) and (Е 59) shows thet 


yes = È 18-601 
< 
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Taure 88. Transfer Free Елсгрев of Nonelectrolytes" 

















BAGS MeOH) for 
Solvent, 5 m Calls A-NOICHISCH.CE 
Methanol о o в 
Etancl =з а ол 
а Pripyl alcohol 07 з 9 
Diruethyhulforide +07 z 
ittemethane +03 os i 
Acetonitsile 0 0.6 15 
Nicbezaere -ол 19 т 
09 -1 - 
Acetophenone -18 
нан 08 v» “7 
Benzene -15 -1.2 E 
-18 <a -0 
сыс ке E к Fos 





Source: From Reference 81 
“On the mole fraction scale in kilocdlories per mole. Reference solvent is methane! 


so that (SO) measures how strongly the solute is solvated in the reference 
solvent U compared with solvent S. The Gansfer activity cocfficient for the transition 
state is accessible viz Eq. (8-26 or by combining Eqs. (8-57) and (8-39). 
"Table 88 gives some nonclectolyte transfer fres energies," and Table 8-9 lists 
single ion transfer activity coet licens." Note especially ue паа ћаШо valuvs for 
anions in dipolar spretic solvents, indicating extensive desolvation in these solvents 
relative to methanol. This is consistent with the enhanced nucleophilic reactivity 
оГ unions in dipolar aprotic solvents." Parker? and Biandamer™ have considered 
transfer activity coefficients for binary aqueous mixtures. К E 
We are now in a position to apply these thermodynamic quantities to the kinetic 


Тая #9. Single len ‘Transfer Activity Coefficients’ 














og 45 МеОН) 

Jm HO DMF DMO мм _ мо 
cr -2. вз 55 өз 49 
Br -21 49 36 42 a 
г 13 26 1з 24 26 
S -18 as 35 E a6 
BP; 4l -27 26 -16 - 
оя 25 E 6s TR 22 
^st -51 82 11 
No! -39 -36 - 
к -is aro -л5 
Phas? 41 727-26 = 








Source: Reference B5. 
AL 25°C. Reference solvent is mettanol. 
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плеч 
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Figure £5, Too бепан pesca ofthe 

т possible combinations of transfer free спец Г 
aesaur (R) and wanshjon stc (). The words refer to rate increas e to d 
reference solvent, which lies at the origin. oiu ee це 


problem. We will work with the transfer free energies 5,6", and 5б} for the 
Teactant state and the transition state, respectively. For a given reaction transferred 
from reference solvent 0 to solvent S, cach of these may be zero, positive, or 
negative. giving tise to nine possible combinations. Buncel and Уен have 
йа classification scheme based on these combinations. Tiguie 8-5 isa graph- 
ical presentation of the possibilities. The reference solvent is at the origin. Any 
combination of 5,9, and Suy leading to placement on the 45° diagonal results 
in по пис change relative to thy icferenue sulvent, the solvent effects on the imtial 
and transition states exactly compensating each other. Combinations to the left and. 
e ite line lead to rate decreases, those below the line to rate increases. To 
папр the reference solve y necesss igi si 
saage reference solvent itis only mecessary o trant th origin to tho desired 
“Lable 8-10 gives pertinent data^* for ће Menschutkis і 
іп reaction of triethylamine 
ү 0 joie These reactant molecules are volatile, so their transfer free 
were determined by a gas chromatographic variation of the va 
method. For this reaction Eq. (8-57) is writen Paw 








SAG" = ём — OG (Et N) — Suit 


A plot of $467. against 5.46 (not shown here) reveals a reasonable correlation 
with a slope about unity, indicating tha! 8,,AG' is dominated by transition state 


мерим errecrs: аза 


Tam B-10. Solvent Effecis and Transfer Free Enesgics for the Merschutkin Reaction 


of Tiiethylamine ane! Ethyl lodide^^ 














ho onem. мыс мыз мю BG 
loo leme 6.05 -oot эле 
э Cyetnhexane 5.66 120 -on 4.19 
з Ои ether 397 tos 910 E 
4 Carbon teracHoride 333 139 -026 218 
5 1.1. Trüchlorsethanc 2.66 -122 -025 118 
6 Тамак 2.00 -1.29 0.33 n 
7 Cychesy chloride 247 059 1.09 
в Cyclohexyl bromide 238 -1.02 Я 
200 Bosne 2n -1.12 охо 
10 Еу acetate zu ала m 
ш Dimne 178 -0.56 о 
12. Tecdhydrefuran 126 =1.06 ол 
13 Бау berzoate rer ET ost 
1а Chleeabenzene 159 -1.16 005 
I$ 00 Bronobenzenc таз 109 оо? 
10 а-на 126 -135 016 
17 Cheroform 119 2192 -114 
I8 Methyl ethyl ketene E -0.68 -0.18 024 
19 Лаеш 108 -0.99 оле -037 
30 Acetone ов 030 0.05 vas 
2л L2-DieHoroethane. osi osx -0л7 049 
ә Dkchiorormcthane оа -131 004 -07 
23 Acetophenone om E ES NA 
24 — Berzonirle озв ове -0.10 оза 
25 Propionirile 031 0.82 on 006 
26 Митон ож 0.52 -он -037 
2л Divethylformamie o 0 (0) ©) 
в 1.1.2.2-Tewechlorettane  —0.03 -251 -0.53 -3.07 
29 Acetonitrile 0.26 en оа 035 
30 Nitromehane 047 ол ох 028 
зі Propylene carbonate -0.63 0.62 олу 0.28 
32 Dimethyl sulfoxide CER ом 029 015 





Source: Reference 65. 
ФАП free enengies are in kiiecelorics per mole on ihe mole astun scole, relative to DMI- 
See Table 855 for rate data. 


solvent effects for the series, as we would expect for this type of reaction. A plot 
OF ByGE against mG, in the manner of Fig. 8-5, is shown in Fig. 8-6. Several 
interesting results are apparent in this plot. 


1. Dipolar aprotic solvents have similar effects on tke transition state: any significant 
differences arse Irom variable effects on the reactants. 

2. Polyhalogenated solvents all stabilize the initial state (relative to DMF), but 
have varied cffects on the transition state. [Note particularly No, 28, tetrachlo- 
rocthune, which shows по net solvent effect relative to DMF, yer profoundly 


| 
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Stabilizes both thc initial and transition states. This 
E . This i: ell 
the additional information provided by this cheek | Тыа: Ыы 
e Aromatics all stabilize the initial state. relative to DME, «nd have small by 
varied effecis on the transition state. j j 
Saturated hydrocarbons show a Slight stabilizing effect on the initial state buta 


very destabilizing effect on the transiric ite, 3 
ion state, concistomt with алкышка, л 
оп solvent polarity ee 


, Demonstrations such as those embodied in Г, + 8-6 vonstiturc the 
important result ofthe separation of solvent effects into initial stat and таш 
Касы илролет, but the analysis can be taken further by comparing the value of 
5:0 тае transfer frcc cucigy of a model of the transition state. In this way 
A has compared а, for the Menschutkin reaction of Table 8-10 with 
SiGe values for the ion pair ELN” I and the dissociated ions РЫХ? +F, reaching 
= sunelusivu iat е transition state mere closely resembles the ion pair than the 
free ions and that charge development in the transition state is about 0.4 unit charge. 
Other examples of this “thermodynamic dissection” procedure arc provided hy 
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RENE. a acing to Fe. E of was Пе energies of the transition мак (riae ша 
а (abscissa) for the Menschutkin reaction of tethylemine and ethyl iodide. T 

solvent is N, N-divcthylformanide (No. 27). Dat are from тее үзчү 
By ambar. Chun ves are рабо suet а NIRE жет а ned 
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studies of Schiff base formation™ and solvolysis of 2-chlorocthyl mcthylsulfidc.* 
An alternative approach to the problem of analyzing the solvent dependence of 
initial and transition states hus been developed by Blandsmer and co-workers 919. 
who begin with the assumption that the standard chemical potentials are independent 
of solvent composition by definition and interpret initial state and transition state 
жайуну «uclüvicnt» in (cin of pairwise group intomction parameters. This pro 

cedure has been applied to water-rich cosolvent systems. 





8.4 EMPIRICAL MEASURES AND CORRELATIONS 


We have seen that physical properties fail in correlate rate dala in any general way, 
although some limited relationship: can be found. Many workers hsv. therefore 
sought alternative measures of solvent behavior zs means for correlating and un- 
derstanding reactivity data. These alternative quantities are the empirical measures 
described in rhis section. ‘The adjective epir ical in this usage is synonymous with 
model dependent: this is. therefore, an extrathermadynamie approach, entirely anal- 
ogous to the LFER methods of Chapter 7 with which structure—reactivity relation- 
ships can be studies! 

Some of these model-dependent quantities were formulated as measures of a 
particular phenomenon, such as electron-pair donor ability; but many of them have 
been proposed as empirical measures of solvent polarity, with the goal, or поре, 
that they may embody a useful blend of solvent properties that quantitatively ac- 
counts for the solvent effect on reactivity. This section describes many, although 
not all, of these empirical measures. Reichard 9» ? has reviewed this subject. 





Thermodynamic Measures 


The chemistry of Lewis acid-base adducts (electron-pair donor-acceptor com- 
plexes) has stimulated йж; development of measures of the Lewis basicity of sol- 
vents. Jensen”? and Persson®* have reviewed these, Gutmann” defined the donor 
number (DN) asthe negative of the enthalpy change (in keel то") for the interaction. 
of an electron-pair donor with SbCl, in a dilute sclution in dichloroethane. DN has 
been widely used to correlate remplexing data, but side reactions can lead to 
inaccurate DN values for some solvents.” Maria and Gal" measured the enthalpy 
change of this reaction 


BF.tgas) + :D(sola) > D:BF,(soln) 


in dichloromethane, taking — АР as а measure of thc Lewis basicity of donor D. 
А collection of these values is given in Table 8-11. — AH'(BFy) correlates fairly 
well with DN and with some other measures of donor ability." Note that these 
measures do not characterize the neat solvents. 
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Tow ВП. Enhalpy Change for Boron Trifluoride Complex Formation with Donoss ai 25°C 











Solvers ABS mor! Solvent AAS mott 

Dichlormethane 100 Acetone же 

Niwoberzcre 358 Methyl ethyl коо 

шокш 376 Cyclohersinone hs 
mine 354 Cyclopentanone т 

кош eae E 

Acsinicile юа Tetshydrofuran E 

ее eo Dincibybulioxide 105.3 

Ethyl bonae aa Dimethyl formamide 105 

Propylene carbonate ы? Dimethylacetamide 121 

Dimethyl carbonate 016 Hexamethyiphoryihoramide 

Acaldchyde 696 Pyridine 

Moti! formere өз Trietylarine 

Diethyl carbene no 

кту tomate n2 

Diethyl ketone m3 

Methyl actae TR 

Diosa a 

Acetophenene 745 

Benaldehyae 749 

Тау acetate 756 





Source: Reference 95. 


Drago and co-workers” have correlated а la 

cers” h тре body of enthalpies of adduct 
formation in Lewis acid-base systems, including some solvents as reactants, with 
this four-parameter equation: i 


TAH = EnEn + Сб» (8-61) 


The parameters F and C, are associated with the Lewis acid, and Ев aud Св with 
the к Ex and En are interpreted as measures of electrostatic interaction, and Cx 
^s as Measures of covalent interaction. Drago has criticized the DN approach 
as being bused upon a single model process, und this objection applies also to the 
—AHNBES model. Drago's criticism is correct, yet we should be cereful not to 
reject a simple concept provided ils limitsare appreciated. Indeed, many very useful 
chemical quantities are subject to this criticism; for example, pK, Values ere mea- 
sures of acid strength with reference to the base water, 
Marcus?" has defined a quantitative measure of softness, y by Eq. 8-62. 








100p [ace (SW) + àyGE* iw] — MGE” (SW) (8-62) 


That is, the softness of solvent $ is measured by the difference in transfer free 
cucigics (iu KJ ul") rom water to 5 or a bard solute (the mean of Na! and K ^) 
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and a soft solute, Ag*. Water itself is a hard solvent. p does not correlate with 
—АНЧВЕ,). 

In section 8.2 we described the solvophobic effect, which theory leads us to 
expect is related to tho solvent surface tension, Abraham et al." have developed а 
different measure of sol vophobicity by relating the transfer [ree energy sU ( $7 W) 
for several colutes from water ta given solvent S (which may be an aqucovs-erganic 
mixture) to an empirical solute parameter Rr by 


BMG ASW) - MR, + D (8.63) 


Ry seems to be related to solute size, but it is obtained by an iterative curve-fitting 
procedure.” Lhe parameters M and D аге characteristic of the solvent. For water 
М = 0. A solvopliobicity parameter Sp is then defined for the solvent having 
value M 


Sp = 1- ММ, кек (8-54) 





where Мыке = — 4.2024. SP is a smooth but curved function of surlace tension 
for mixed solvent systems. 


Kinetic Measures 


Most of the kinetic measures ot solvent епос nave been developed fix die мишу 
of nucleophilic substitution (Sy) at saturated carbon, salvalytic reactions in partic- 
ular. It may, therefore, be helpful ro give a brief review of aliphatic nucleophilic 
substitution. Two mechanistic routes liave been clearly identified. One ol these is 


shown Бу 


р 
R-X——»R* + X 


be 


Rt + Y —> КҮ 


The frst ctep, which is rate determining, isan ionization to a carbocation (carbonium 
jon in carlicr terminology) intermediate, which reacts with the nucleophile in the 
second step. Because the transition stare for the rate-determining step includes 
R-X but not Y , the rcection is unimolecular and is labeled S.T First-order kinetics 
are involved, with the rate being independent of the nucleophile identity and 
concentration. 

The second Sy mochanisin i» Ше one-step concerted reuction, 





Y #RXSIYR XP ORY (X 


"This bimolecular process is called the 5,2 mechanism. It yields overall second- 
order kinetics (unless the nucleophile is the solvent, in which case apparent first- 
order kinetics are seen). 
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The evidence supporting the duality of mechanisms is of 
x х several kinds. Тї 
Kinetic behavior is an obvious feature. This is somewhat more complex than ix 
implied by the preceding treatment. A quantitative description of the 51 mechanism 
requires recognition of the reversibility of the ionization step, thus 








Because the cationic intermedicte is unstable, it will be permissible to apply the 
steady-state approximation, leading to Eq. (8-65) for the reaction rate. 





R-X] 
ШҮ +1 








7 т d 





If the intermediate rosers with Y (which may be Ше solvent) 0 give procuct much 

faser tan i does with Xt revert o rectam, then Ед. (665) wil tend o nc 
simple first-order form, v = AIR-X]. Y 

EAS ut wee uIR-X]. In aqueous solvents tert- butyl bromide 

I (KIX ГҮЛ is not much ster than unity, then as the substitution reaction 
proceeds, the increase in [X ] will increase the denominetor of Eq, (8-65), slowing 
the reaction and causmg deviation from simple first-order kinetics. This mass lon 
Or common-ion effect is characteristic of an Sy] process, although. as already seen, 
itis not a necessary condition. The common-ion effect (also called external return) 
occurs only with the common ion and must be distinguished from a general kinctic 
вай effect, which will operate with any ion. An example is provided by the hydrolysis 
of triphenylmethy! chloride (гй у chloride): the addition of 0.01 M. NaCl decreased 
the cate by fourfold."® The solvolysis rate of diphenylmethy! chloride in 80% 
aqueous acetone was decreased by LICI but inereesed by LiBr.!"! The $,2 mech- 
anism will also yield first-order kinetics in a solvolysis resection, but it should uot 
be step to а езтн rte inhibition. 
е real world of Sw reactions is not quite as simple as the discussi 

nisms, Sx] and 5,2, implies that all substitution reactions will follow one or the 
other of these mechanisms, This is an oversimplification. The strength of the dus) 
aechauiomt lyporhesls ага its limitations are revealed by these relative rates of 
solvolysis of alkyl bromides in 80% cthenol:methyl bromide, 2.51; ethyl bromide, 
1.00; isopropyl bromide, 1.70; tert-butyl bromide, 8600. Addition of Iyate ions 
increases the rate for the methyl, ethyl, and isopropyl bromides, whereas the teri- 
butyl bromide solvolysis rate is unchanged. The reaction with lyme ions is overall 
second-order lor methy! and ethyl, first-order for tert-butyl. and first- or second- 
order for the isopropyl member, depending upon the concentrations. Similar re- 
sults are found in other solvents. These data show that the methyl and ethyl bro- 
mides solvolyze by the 8,2 mechanism. and tert-butyl heomide by the S,1 mech 
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anism, The isopropyl bromide does not fit so neatly into one of these classes; 
depending upon thc solvent and the concentrations, it can present featunss of either 
mechanistic class. Fvidently а change in the alkyl substitution on the e-carbon is 
responsible for a change in mechanism, with primary alkyl substrates tending to 
react by the 5,2 mechanism and tertiary substrates by 5,1. At some point along 
thie esale of substituent changes presimahly the mechanistic switch occurs, end 
this appears to be, roughly, with the secondary substrate. ‘This behavior has given 
rise to the concept of “borderline” reaction, which do not fit unambiguously into 
wither the Syl or S2 clisses.7 PP 12024 
Several proposals have been made to fit the borderline reactions into c well- 
defined mechanistic scheme. Most of these adupt one of two viewpoints: either (1) 
borderline substrates undergo concurent Sy! anl Sy2 processes, with the purticulnr 
system determining which mechanism, if cither, predominates or (2) all Sx reactions 
ше related by essentially the same mechanism, which differs from case to case in 
the detailed disposition of electrons 1n the transition staw. In this view pure Эм! 
and 52 processes cre merely the extreme limiting forms of a single mechanism, 
and the borderline mechanism is a merged process having some features of both. 

‘The notion of concurrent $1 and 5,2 reactions has been invoked to зссошпі Lor 
kinetic observations in the presence of an added nuclenphile™ and for heat ca- 
parities of activation. ’™ but the hypothesis is nol strongly supported. "^^ Irterpre- 
tations of borderline reactions in terms of one mechanism rather than two have 
been more widely accepted. Winstein ct al."^ have proposed a classification of 
mechanicme according to the envnlent participation by the solvent in the transition 
state of the ratc-determining step. If such covalent interaction occurs, the reaction 
is assigned to the nucleophilic (N) class, if covalent interaction is absent, the reaction 
is iu the lisuitiug (Lim) class. At thcir extremes thoee categories become equivalent 
to Su! and 8,7. respectively, but the dividing line between Sy! and Sy? does not 
coincide with that between N and Lim. For example, a mass-law effect, which is 
evidence of an intermediate and therefore of the Зы} mechanism, can be observed 
for some isopropyl compounds, but these appear to be in the N class in aqueous 
media. 

‘The N-Lim classification does not elinunate the possibility of borderline cases 
between these two cutegories, but it leads to the suggestion that no sharp distinction 
can he made between the possible intermediates in these mechanisms and that 
perhaps all solvolyscs proceed via an intermediate. The mechanistic category of a 
particular solvolysis then depends upon the relative weights of the canonica} struc- 
tores 3, 4. and 5 to the transition state resonance hybrid. 

















> Y-R X «— > YR! GX 





Yo RK < 





3 4 8 


‘The greater the contribution of 4 to the transition state, the more firmly the system 
is placed in the N category; likewise a large contribution from 5 is characteristic 
of the Lim category. Bentley and Schleycr'™ stare that the essential difference 
between the Sal and $42 mechanisms depends upon whether nucleophilic attack 
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‘occurs before (552) or alter (51) the transition state of the rate-determining step 
This is equivalent to Winstein's N-Lim classification. 
Now, it can be postulated'® that solvolysis rate should be а furcti 

^ a function cf two 
properties of the solvent: one is its “ionizing power,” and the other is its nuclen- 
рїйїсйу. An 81 process should be promoted by high ionizing power, and aa 52 
process by high solvent nucleophilicity. At this point. we are ready to hring the 
extruthermadynamic approach to bear on this problem. This was initiated by Grun- 
wald and Winstein,"® who defined a solvent ionizing power parameter Y by 


pen 


ҮС овна (8-66) 





where ki is "e rate constant for the solvolysis of t-butyl chloride in 80 vol% 
ethanol, and k'™" is the corresponding rate constant in another solvent. This 
кешл was selected as the посе! process because it was believed to occur by an 
essentially pure S41 process. A lincar free energy tion i i 

y equation is writer. in the 
familiar from Chapter 7: S ЕКЕ 


k y 
lg, m 6-67) 


Ideally the parameter m should be characteristic of only the substrate, whereas Y 
should he а fonction of the colvent. The oquation is expected to apply w (сайл 
very similar to the defining rection, that is, 5,1 solvolyses. Table 8-12 gives У. 


Tane 8:12, Tie Solvent Ionizing Power Measure ¥ for Aqueous Мїхой Solvents at 25°C 
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organic 
Я Жей Formic 
solvent Ethanol Ме Diosone Аю т c acid 
o 349 aan злы 345 340 349 
10 1 328 xz 323 = = 
a 305 зз 288 291 = = 
2o - - 2.69 в эло 
in 275 245 248 > = 
EI 220 21» 195 198 23 = 
зо то 4 136 Lao эз ы 
60 m 149 am ово 15 
70 660 0.95 от on = E 
75 = = = — 
10.00 [E] -os —0.67 = 
о -ens ола 203 186 - 
100 -2.03 o - = les 205 








Souree: Reference 107. 
2x vol % solution prepared by mixing х volures of organic solvent with 100-4 volumes uf water. 
"Containing. about 0.07 М thium satts. ) 


месим етестз an 
values measured hy Fainberg and Winsteir,'?^ Y is not simply related to solvent 
composition over wide ranges, clthough over limited composition ranges Y can be 
described as 2 hear function of composition. The preat differences in Y for pure 
akchols (methanol, ~ 1.09; ethanol, —2.03. isopropyl alcohol, — 2.73; tert-butyl 
alcohol, — 1.26) seem surprising, but are removet! by placing the ¥’s on a molar 


Һај 0 
It is found that m is solvent dependent. "^ The R part of substrate RX cannot be 


made drastically different from that in the model substrate without causing dispersion 
into separate lincs for diferent binary solvents. The leaving group X introduces 
another type ol specificity. 

We noted above that solvent nucleophilicity is expected to play a kinetic role for 
reactions possessing Sy? character. Winstein et al.!°5 took this participation inte 
account formally by writing Eq. (8-68), 


dlogk = e ке ‘) P ( re )z (8-68) 











where N is an (unspecified) measure of solvent mucleophilicity. This equation is 
usually written. 


log &) = mY + IN (8-69) 


and much recent work in this field has been directed to the definition and mea- 
surement of different Y and N scales. We note that Eqs. (8-68) and (8-69) omit 
consideration of possible cross-iuterac tion” term of the type we generuted in Eq. 
(7-41) for structure-reactivity relationships 

If Y is to be a valid measure of solvent ionizing power, presumably the defining 
reaction should proceed via the Lim (pure SnI) process. This was the besis fur the 
original choice" of (ошу! chloride. It is now believed that s-buty! chloride sol- 


volyzes with some solvent participation. and modern versions of Y are based on 
other compounds, of which 2-adamanty) tosylate (p-^oluenesuMonate, U1s), б, is 
the most favoret." 





OTs 


Although this is a secondary substrate, complete shielding from backside attack by 
nucleophiles leads t^ S, solvolysis without solvent participation. The correspond- 
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jug Y value is defined! by Eq. (8-70) 


n 
Yon = (Б pg асть 18-70) 


where the манат! solvent is again 80 vol% ethann! Many investigatione ha 
been made of the dependence nf Y on the nature of the leaving group, rem 
to the quantities Хасо, Younes Yor (trilluoromethane sulfonate), 7-1) ү, (pen. 
tafluorohenzene cilfcmte), 5 and Yor, (recylate).!' Kevill und Hawkinson ылы 
сачы (on the basis of uar corelions among tes scales) that sensitivity 
of the scale to leaving is 
© e ele о rein group is not a пайы o rom importance, Table 843 
Our next concern is the solvent rucleopilicity. Schadt et al." chose the sol- 
volysis of methyl tosylate, which should be an 5,2 process, as the defining process, 
Tor thio маида reaction ihe parameter fin Eq. (5-09) was set at 1.00. An empirical 
estimate ofm, describing the sensitivity of methyl tosylate to solvent ionizing power. 
was obtained as the slope of the two-point line for methyl tosylate solvolysis in 





‘Taste #13. Solver fonizing Power (Yor) and Nucleophiliciy Wor.) Based 
ов 2-Adarranty! Tosylate 
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Source: References ШІ and 116. 
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formic and acetic acids, which are believed to be equally nucleophilic but to have 
different ionizing powers; this gave т = 0.3. Solving Fq. (8-69) for N and sub- 
stituting these numerical values for / and m, 





(8-71) 





Table 8-13 gives some Nor, values. 11-116 


Kevill end co-workers™!™® have developed nucicophiicity scales hased on the 
scivolysis of cationic substrates R-X * , the leaving group being neutral rather than 
anionic. Their Nr o» scale is defined in Eq. (8-72). 


goot 
bee рт (8-72) 





Neo 


the mY* correction term corresponding to that of Eq. (8-71) being of negligible 
magnitude. [These workers believe that the factor 0.3 in Eq. (8-71) should he 0.55; 
this is un unresolved issue. "| One motivation for this work is the possibility that 
solvent participation may involve electrophilic assistance as well as a nucleophilic 
role, and Y scales based on neutral substrates will include the elecrroptulic pauli- 
ipation together with the ionizing power 

Schadt et al." have written Fy. (8-69) in the alternative form 





mS 


Я "e 
log (=) sü- giki (Ба) | Orem 03» 








which states that a solvolysis rate (А) is a linear combination of the 52. ey 
and Sxl (C979) models. Combination of Eqs. (8-70), (8-71), and (8-73) end 
comparison with Eq. (8-69) shows that / = 1 О: т = 0.3 1 07 Q; und t = 
(1 — my0.7. Note that parameters / and m are correlated. 

These kinetic measures of solvent ionizing power and nucleophilicity can be used 
to assess the mechanism of а solvolysis rection. The simplest procedure is to plot 
log k against Y or Yor, А ond linear correlation with a slope near unity suggests 
the Syl mechanism, that is, a mechanism similar to that of the defining reaction. 
A shallow slope, curvature, or а scatter diagram implicates solvent participation 
and calls for the multiple linear relationship Eq. (8-69) [Same salvolyses of 5- 
alkylbenzothiophenium ions are well correlated with only the IN term of Eq. (8- 
69).""9] Schadt et al." show examples of the use of Eqs. (8-69) and (8-73) to fit 
solvolysis data for primary aud secondary tosylates; the regression results are given 
in Table 8-14. In every instance use of the four-parameter Eq. (8-69) markedly 
improved the correlation relative to the two-parameter Eq. (8-67). ће magnitudes 
of Lond m can be interpreted by comparison with tie mudel processes, namely, / 
1for2-AdOTs solvolysis and = 1. m = 0.3 for MeOTs solvolysis. 
m is important in all of these reactions. 


апат 
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TAREE 8-14. Regression Parameters for Tosylate 
Solvolysis Reactions? 
—————— ÀÀ 











Fq 18-66) Eg. 8 73) 

тезше 1 m e 
к=н лэ eem val 
2-Propyl оз 062 оа 
2-Buyl ол on 059 
2 Ponty on ота ово 
ЗР оа 6.69 0.58 
ану ов оз 0.66 
Cykpem) 037 ела ош 
Сусюпсху оз? C78 0.68 
Benay! оз шы 051 


m e M IE 
Source. Reference 111 

“At 25°C. The solvents were FIOH, 50 and 80 vol% 
EIOH, нОАс, ant HCOOH, 


In 1955 Swain, et al." proposed а four 
Я parameter equation, Eq. (8-74) 
describe the solvent dependence of solvolytic rcactions. К етме 


too (^ 
e (1) ceo (74) 


The parameters ci, сз were postulated to be dependent only upon the subsite, ond 

п, do, upon the solvent. A large hody of kinetic data, embodying many structural 
types and leaving groups, was subjected to a statistical analysis. In order to achieve 
a unique solution, these arbitrary conditions were imposed: c, = 3.0 су for MeBr, 
= 10 for i-DuCI. 3.0 гу = сз for PCT. Some remarkably successful 
correlations [calculated vs. experimental log (Мо) were achieved, but the approach 
appeared to Jack physical significance and wae not much used. Мау E пег 
Peterson et al.'?? showed а correspondence between Eqs. (8-69) and (8-74. 
d te very simple result d, + ds = Y was found. 

e Menschurkin reaction of tripropylamine and тиеу! iodide was 

Drougaré and Decroocq’ as a defining process for a Kinete meme of vole 
Polarity. Drougard and Бестоосд! and Abraham and Grellier have shown that 
solvent effects on pairs uf Menschutkin reactions arc linearly correlated, so any 
well-behaved Menschutkin reaction could play che role of the standard process; for 
saree S4AG* of Table 5-10, for the quaternization of triethylamine and ethyl 
iodide, migm serve as a polurity measure. Auriel and de Hoffmann™ detected 
edie Solvation effects of protic solvents on a quaternizativi reaction by means 
qh ons ofthese points оп a linear carton with the parameter ef Drop 


Oshima and Nagai!” used the 1,3-cycloaddition of diphenyldiazomethane to 
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tetracyanoethylene as the standard reaction for the detinition of a solvent parameter 
Dy 


k 
= log > 


D, 
fy 





where К, and ko are second-order rate constants for the reaction in solvent s and in 
the reference solvent (benzene), respectively. D, is considered to be a kinetic 
ensure of solvent basicity relative to the Lewis scid tetmcyanoethylene (TONE). 
D, correlates roughly with the equilibrium measure AH? of Table 8-11. 


Spectroscopic Measures 


Tuc preecuing eanpirivel tucasurcs have taken chemical renetions: ao model pro 
cesses. Now we consider a different class of model process, namely, a transition 
from one energy level to another within a molecule, The various forms of spee- 
troscopy allow us to observe these transitions; thus, clectranic transitions give rise 
to ultraviolet-visible absorption spectra ати! Huorescence spectra. Because of solute— 
sclvent interactions, the electronic energy levels of a solute are influenced by the 
solvent in which it is dissolved; therefore, the absorption and fluorescence spectra 
contain information about the solute—solvent interactions. A change in electronic 
absorption spectrum caused by a change in the solvent is called solvarochromism 
"The ererpy difference between the ground and cxcited states is given by 


AR = № = ҺА (8-75) 





where A is Planck's constant, c is the speed of light, v is the frequency af the 
absorbed (or cmitted) light, and A із the wavelength of the light. A shift of the 
wavelength of the absorption um (caused, for example, by a change in 
solvent) to a longer wavelength is called a bathochromic, or red, shili; a shift to а 
lower wavelength is а Aypsochromic, or blue, shift. Evidently a vatliveluoniic shift 
indicates that AF has been decreased, whereas a hypsockromic shift means that AE 
has been increased, by the change in solvent. 

Solvatochromic shifts are ratonalized with the aic of the Fraxck-Condon prin- 
ciple, which states that during the electronic transition the nuclei шге essentially 
immobile because of their relatively great masses. The solvation shell about the 
solute molecule minitnizes the total energy of the ground state by means of dipole- 
dipole, dipolc-induced dipole, and dispersion forces. Upon transition to the excited 
state. the solute has a different electronic configuration, yet it is still surrounded 
by a solvation shell optimized for the ground state. There arc two possibili 
consider; 









1. Let ру, and pex be the dipole moments of the ground and excited states. Then 
if Hp > Bes, the less polar excited state is surrounded by a solvation shell 
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‘oriented for a polar solvent. Upon changing the medium to a solvent of greater 
polarity, the excited state is more destabilized relative to the ground state, AE 
increases, and a hypsochromic shift results. 

2. If bor < Hex, ап increase in solvent polarity stabilizes the excited stare relative 
хо the ground state, producing a bathochromic shift. 





Kosower® made the first use of this phenomenon for measuring solvent po- 
farity. The model proccss is the absorption transition of |-ethyl-4-carbomethoxy- 
pyridinium iodide, 7: 


сосну сосну 
PA 3 
]r = | y 
ES ; 
м? N 
| | 
CH; Сн; 


7 


and the solvent polarity parameter is the transition energy (at the longest wavelength 
band maximum) in kilocalories per mole. This parameter, symbolized 7, is cal- 
culated with Eq. (8-76). where А... is in nanometers. 





Z = 2,859 X IO ua. (8-76) 


Figure 8-7 illustrates schematically the electronic natures of the polar ground 
state (an ion pair) and the less polar excited state. This is, therefore, a case of pgr 





r 1 
gm 
(А) (В) 


Figure 8-7. Model of the alkylpyridinium iodide complex: (A) ground state. (Ву Excited state [after 
Конт 
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> Hex 80 hypsochromic shifts are observed (upon changing to solvents of higher 
polarity), and Z is larger for more polar solvents. 

Z values are obtained from Eq. (8-76) for solvents having Z in the approximate 
tange 63-86. In more polar solvents the CT band is abscured by the pyridinium 
ion ring absorption, and in nonpolar solvents 1-ethyl-4-cacbomethony-pyridinium 
iodide is insoluble. By using the more soluble nyridine-L-oxide as a secondary 
standard and obtaining an empirical equation between Z and the transition energy 
for pyridine-1-oxide, it is possible to measure the Z values of nonpolar solvents. 
The value for water rust he estimated indirectly from enrrelations with other 
quantities. Table 8-15 gives Z values for numerous solvents. 26177 

Another solvatochromic polarity measure, Er (30), is the transition energy for 
compound 8, which is 2,6 diphenyl 4 (2,4,6 tiphenylpyridinioyphenolate, also re- 
ferred to as Dimroth-Reichard's betaine. 
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Dimroth et а} 128 introduced 8 as 2 solvatochromic probe of solvent polarity 
having absorption in the visible region; it shows the largest selvatochromic shift of 
amy substance yet reported. Ey (30) is calculated with Eq. (8-76), like Z. (the 
peculiar symbolism arose because compound 8 happened to be No. 30 on the list 
of substances studied by Dimroth et al.) The shift is hypsochromic as solvent polarity 
is increased. Table 8-16 gives some Er (30) values. ©% 7 Fy (30) is linearly 
correlated with Z, and this correlation allows Ет (30) values to be indirectly estimated 
for carboxylic acid solvents, which protonate the phenolic oxygen of 8. A secondary 
solvainchromic probe is also required for liydrucarbon solvents, in which 8 is wot 
soluble. 

Other solvatochromic probes have been proposed. Mukerjee et al.*! used nitrox- 
ides for this purpose, finding that their transition energies correlate linearly with Z 
and Е, (20). Brooker et al 19 prepared a polar merccyanime that shows a blue shift 
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‘Taste 8-15. Z Values of Some Solvents 
Solvert лса mot solvent Zikral mor! 

Benzene m Dimethylsutfoxide T 
Chlorcbenzene. 58.0 Nitromethane n2 
Tetmhycrofuran ses Acetonitrile тз 
Bromobenzene 59.2 ‘Butyl alcohol 13 
Cyclohexane 60.1 LPropyl alcohol w3 
1,1-DicHioroethane pn 1-Bu alcohol тл 
Chloroform вул Butyl akull тл 
1,2-Dichloroethane. 64 1ePropyl ilcobol 783 
Ethyl acetate өз Benzyl alcohol 784 
Methyl ethyl kerone 640 2-Methoxyethanol ms 
Pyridine 64.0 ‘Acetic acid 792 
Dicklorcmethane. вл Ethanol 79.6 
Dioxane ens Glycerol 827 
Бемашице ex тоглапше 53 
Acetone 6л Methanol 836 
Dimethylscctamide 69 Ethylene glycol 851 
Dimethylfrrmamide. EE Water 918 


ss 


Tavuk 816. £1130) Values of Some Solvents” 








Solvent E(30ykeal moi t Solvent Ert30jhcul mot 
Cyclobexane 309 Dimethylformazide. 438 
n-Hexane 310 ‘Acetic anhydride ans 
Carbon tetrachloride 34 Dimethyl sulfoxide asi 
Toluene 33.9 Acetonitrile 456 
Benzene из Niromethanc 463 
Diethyl ether м5 2Buunol ET 
Dioxene de Local аз 
Bromovenzere 36.6 EPropyl alcohol ARA 
Chlorobenzere 36.8 i Butyl alcohol 48.6 
Terrihyrofnran л 1 Betanol о? 
Ethyl acetate EN Benzyl alcohol 50.4 
Chloroform 34 1-Propanci 50,7 
1. 1-Dichloroethane 34 Асейс acid ST 
Methyl acetate. Em Ethanol sto 
Pyridine 405 2-Mcihoxyethascl 52.3 
Dichloromethane 407 Formic acid ыз 
Мигоһапгеле ит Мараш 33.4 
1,2.Dichlorethane 413 Fithylene glycol 363 
Acetone оз Formamide 566 
‘Buy! alenhot 23 licer "o 
Dimethylavetamide a7 Water СЯ 





Source: Reference 5 (Chup. 7). 
Ara €. 
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(its transition energy being designated xy) and а nonpolar rec-shifting merocyznine, 
whose trarsition energy is called xp. The yg and xe values do not correlate well 
with each other although уь is linearly related to Z and Ex (30). Evidently x» 
provides essentially the same information as Z and Er (30), whereas xy constitutes 
a different combination of responses to solvent properties: xa may be a suitable 
measure of solvent effects in nonpolar systers 19 

Other forms nf spectroscopy cen be used. Gutmann” defined the acceptor number 
(AN) cf a solvent as the 'P-NMR chemical shift of triethylphosphine oxide in the 
solvent rclativc to the chemical shift of the ЕЗ РО > БЫС, adduct, which is taken 
as 100. AN is considered to be z measure of the Lewis acid electron-pair acceptor 
ability of the solvent and, therefore, related to electrophilicity. Since Ær (30) ard 
Z are closcly related to AN, it was Concluded thar these other quantities do nor 
measure solely polarity. Nicolet et al. measured the infrared stretching frequency 
of the carbonyl groups in Cl{CCOOH and СССООСН,, finding a good lincar 
correlation for non-H-bond ccceptor solvents. Deviations trom this line were ob- 
setved for H-bond acceptor solvents, and the difference Av between the observed 
frequency and thet expected in the absence of H bonding is a measure of the H- 
bond hase strength of the solvent. We subsequently see other examples cf this 
comparison method. Dong and Winnik'" introduced the polarity parameter Ру. 
which is the ratio of intcnsitics of two vibrational bands in the fluorescence spectrum 
of pyrene. Accurate Py determinations require the elimination of instrumental artifacts! * 
and careful temperature control. '? Py is linearly related to Z and Ет, with protic 
and aprotic sclvents giving different correlation lines. Values af 7, Бу. and Ру 
have heen measured in mixed solvents. CP. 7: 126. 1347 

Each of these spectroscopic measures of solvent character has been constructed 
from a single model proccss, chosen because it might usefully reflect a combination 
of solute-solvent and solvent-sclvent interactions applicable t many other chem- 
ically interesting phenomena. We have seen that some of these measures are mu- 
tually correlated, indicating that they are reporting on the same interactions. How- 
ever, any attempt to express, in s single number derived from a single model 
process, all of the possibilities of solvent effects in a general way seems now to 
be improbable, and as a consequence most current efforts in this ficl arc directed 
to the dissection of net effects into component parts, such пз polarity, polarizability, 
H bonding, elc. These approaches tend to make use of many medel processes in 
an averaging manner designed to produce measures of very wide applicability. A 
long series of papers by Kamlet, Taft, and their co-workers 7^? constitutes a major 
development of this type of approach, and we will outline their solvatochromie 
method. 

‘The basic premise of Kamlet znd aft is that attractive solute-solvent interactions 
сап be represented ac a linear combination of a nonspecific dipolarity/polarizability 
effect and а specific H-bond formation effect, this latter being divisible into solute 
H-bond donor (HBD)-solvent H-bond acceptor (HBA) interactions and the converse 
possibility, To establish the éipolarity/pelarizability scale, a solvent set was chosen 
with neither HBD nor HBA properties, and the spectral shifts of numerous sol- 
vatochromic dyes in these solvents were measured. These shifts, Av, were related 
хо а dipolarity/polarizability parameter а» Ly Av = sm". The quanüty a° was 
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scaled to те = 0.000 tor cyclohexane ard 1.000 for DMSO. The resulting т? 
values were quantities averaged over all the solvatochromiic dyes. 9121 

A solvent HBD parameter а (acidity) is determined by a solvatochrontic com- 
Parison methed'* based on these conditions: 


1. A linear correlation is observed between solvatochromic shifts for two solutes, 
‘one capable of, one incapable of, H bonding, in a series of solvents for which 
H bonding is not possible. 

2. Points in this correlation representing solvents in which H bonding is possible 
should show significant deviations from the linear “reference” line. 

3. These deviations should possess magnitudes and directions that аге chemically 
reasonable. 





is procedure was applied to numerous solvatochromic scales |Z, xp. Er (30, 


using 4-nitroonisole as the solute incapable vf I лиш. As iu the development 
of the «* scale, the n scale is averaged over several processes. A В scale of HBA 
ability (basicity) was established in a similar manner. Table 8-17 lists some т®, 
а, and P values.“ 

It is then proposed that any solvent-lependent energy property, such as log k 
and AG”, can be expressed as the sum. 





tog (E) = mt + aa + OB E-m) 


Since т®, a, and В are approximately normalized scales, the cocfficients s, a, and 
b are measures of the relative weights of the dipolarity/polarizubility, HBD ability, 
and HBA ability of the solvent. Equation (8-77) has been extended to take account 
of the cavity effect and certain anomalies, as we will see later in this section. 

This approach to separa the «Тели types of interactions coniributing to а 
net solvent effect has elicited much interest. Tests of the т®, о, and B scales on 
other solvatochromic or related processes have been made," an alternative * 
scale based on chemically different solvatochromuc dyes has been proposed, "^" and 
the contribution ef solvent polarizability to яё has been studied. 5.6 Opinion is 
not unanimous, however, that the Kanilet Tall system constitutes the best or ul- 
timate extrathermodynamic approach to the study of solvent effects. There ure two 
objections: One of these is to the averaging process by which many model phe- 
nomena are combines to yield а single best-fit value. We encountered this problem 
in Section 7.2 when we considered alternative definitions of the Hammett substituent 
constant, and similar comments apply here; Reichardt has discussed this in the 
context of the Kamlet- Taft parameters. 79 The seeond objection is to the claim 
of generality for the parameters and the correlation equation’; we will return to 
this controversy later. 

Many linear correlation equations have been described between puirs of empirical 
parameters. especially the solvatuchromic parameters. 5-99 7:5. 124 Aside from their 
fundamental meaning that linearly correlated scales are responding similarly 10 
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Tanie 8-17. Solvatochronic тт, a, and B Values 








Solvent a ° в 

n-Hexane сов от om 

Diethyl ether 027 0.00 ne 

Caton tetachlorde (28 0.00 00 

шу slcohol са [n ao 
e Butyl alcohol 047 0.79 (0.86) 
Hopy alcohol m оле (0.95) 
EPOD аппа ux m = 

Toluene 654 0.00 on 

Ethanol см 05 om 

incon oss ов озз 

Ethyl acetate ass 0.00 nas 

«лісо ose D» 0.00 

Tetrahytrofuran 058 000 055 

Benzene 059 от on 

Methyl acetate св ою 042 

Methanol m 093 0.62 

Acetic acid m. 112 

Cherotenzene вл! 0.00 0.07 
Acetone on оов оа 

Acetonitrile 075 019 оз! 

Acetic anhydride 076 0.00 = 

Bromobenzene олу 0.00 0.05 
Dicloromethane ою ШП 0.00 
тапопеілапс um m 

Pyridine 087 0.00 0.64 

Dimethytformamide Dr 0.00 0.69 
Diimethytaceeamie ова ооо 075 
Ethylene glycol 092 0.90 052 

Foianice. 097 ол! = 

Benzyl alcohol 098 — om 
Dimethysuloxice. 100 ооо 036 
Nürolenzene. Lot ою 039 

Water Los 107 ол) 





Source: Reference 46. 
“Values m parentheses are less ceram. 


changes in solvent properties, these correlations can be useful for estimating missing, 
ntn and for obtaining values of parameters that may be experimentally inaccessible 
for reasons of insoluhility, spectral properties, or instability. Related to this issue 
of correlations between solvent parameters is the independent development of scales 
of solvent polarity by chromatographers, who have need! to characterize the solute- 
solvent interaction capabilities of the stationary phase in gas-liquid chromatography 
and the mobile phase in liquid-liquid chromatography. Several ingenious measures 
have been developed, “** These polarity scales are now being reevaluated, largely 
with thc aid of correlations with solvatochromic mcasurcs.!5! ^ It may happen thal 
the solvaiochromic parameters themselves will serve to characterize chromato- 
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Lineer Solvent tttect Kelationships 


The empirical solvent parameters are energy quantities or are proportional to ener- 
gics, so a correlation of reactivity as log k or log (k/ko) against one cr more of 
these parameters is a correlation of energy quantities. Some authors call these linear 
solvation energy relationships (LSERs): this designation is perhaps too precise ta 
be generally accurate, so we will use the term linear solvent effect relationship. 
LSERs may be univariate or multivariate correlations; the parameters of the equation 
and their uncertainties are obtsincd by lcastsquares regression analysis (Section 
2.3 and Reference 155) 

Several uses may be made of such correlations. Very precise correlations con- 
stitute a means fer estimating (i.c. predicting) the reactivity їп an unstudied solvent. 
Such correlations constitute normal cr expected behavior for the data set, 2nd 
significant (i.e., statistically and chemically significant) deviations may be indi- 
cations or spectat effects, such as sclective solvation. At a decer level, inferences 
may he drawn shout the molecular level interactions responsible for the solvent 
effect. This last application is a fundamental one, yet it is also subject to great 
uncertainty, in part because our knowledge of the “constitution” of the empirical 
parameters is imperfect, being merely hypothetical and because the correlation may 
be complicated by particular issues, such as a limited solvent set or colinearity 
between parameters. Brady and Carr! have cautioned against oversimplified mo- 
lecular interpretations of LSERs. 

Univariate LSERs may possess the conventional LFER form. as exemplified by 
Eq. (8-67), the Grunwald—Winstein equation, or they may simply be plots of log 
k against a solvent parameter such as Z, Er (30), or ar*. Brownstein”? developed 
an LFER form for the latter type of correlation, writing 


lox (9 = RS 


where R is characteristic of the reaction ard S of the solvent. R was defined to be 
unity for Kosower's model process, and 5 was defined to be zero for ethanol, the 
standard solvent; then from Z values a scale of S values could be developed. 

Itis expected that the excellence of acorrelation should diminish as the correlated 
process and the model process are made increasingly different in their mechanistic 
character. Thus, we should not expect great generality from univariate correlations; 
оп the other hand. from the quality of the correlation we may be able to learn 
something about the correlated process. It is not surprising that the rate of one 
Menschutkin reaction is well correlated with the rate of another Menschutkin re- 
action, for their mechanisms should be very similar. The solvent cffcot date 
(GAG!) in Table 8-10 are poorly correlated with the Kirkwood dielectric constant 
function, but a plot against Ær (30) shows some improvement. PP: 199-391 In this 
casc the microscopic quantity Er (30) appears to mimic the solvation cffects on the 
reaction rate better than does the bulk property е. Any mechanistic inference from 
the correlation must bc very limited, but there is а sense that the solvatochromic 
cuurelation bas expanded ош ability to comprehend tliis reactiou by relating it W a 
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quite different phenomenon. This modest achievement is typical of many LFERs 
and LSERs. 

Langhals' hes described a remarkable relationship of most of the empirical 
solvent peranieters [Z. Er (30), У. etc.] to composition in binary solvent mixtures: 


k 


(а) A 
: 


where P is the solvent parameter in the solvent mixture, P" ic its value in the pure, 
less polar component, c is the molar concentration of the more polar component, 
and Fy and c* are idjustable parameters. For many binary mixtures a plot of P 
ашай Juf(e/c*) + J] is Шс uver the entire composition range; both aqucous— 
Orgenic and organicorganic mixtures show this behavior. For some aqueous- 
organic mixtures, such zs dioxane-water and ethanol-water, discontinuities occur 
at compositions independent of the polarity measure and, therefore, characteristic. 
of the solvent. Some crganic-organic mixtures show a maximum in the plot 
Rezende'*'™ has applied Eq. (8-78) to salt solutions, treating the salt as the more 
polar component. If the solvent polarity parameter is correlated by this function of 
concentretion, then г log А that is linear in P will also be correleted. 

Numerous authors have devised multiple linear regression approaches to the 
correlation of solvent effects, the intent being to widen the applicability of the 
correlation and to develop insight into the molecular factors controlling the correlated. 
process 107 For example. Zilian' treated polarity as а combination of effects 
measured Бу molar refraction, AN, and DN. Koppel and Рат! write 















log (0) = уу, | pP, + eE + bB (8-19) 


where Y, is the Kirkwood dielectnc constant function (considered a measure of 
polarity), P, is the molar refraction refractive index function (measuring poluriz- 
ability), Е is Er (30) (said to be а messure of electrophilic solvating power), and 
B, а measure of nucleophilic solvating power, is the infrared frequency of the 
vaygen—deuterium band. The correlation cocfficients y, p, e, b ure interpreted as 
measures of the role played by the respective factors. The y¥ + pP portion is 
considered tc describe the nonspecific solvent effect, and the eE + bB describes 
specific effects. 

The most familiar multivariate | SER is that of the Kamlet—Taft group. which 
in its fully rigged form is now written 


log (©) = (mb di) + un + OB + AA + сЕ (8-80) 


where 


ттт is the cipolarity/polarizability parameter, 
«is the solvent HDD (acidity) parameter. 
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P is the solvent HBA (basicity) parameter. 
B is the Hildebrand solubility parameter. 
Š is an empiricel polarizability correction term?" /4! having the values 
8 = 0.0 (nouchlorinated aliphatic solvents). 
8 = 0.5 (polychlorinated aliphatic solvents). 
$ = 1.0 (aromatic solvents) 
& is @ coordinate covalency index. 





We have alrewly encountered the 7, o, and B quantities. The 8%; term is inserted 
to account for the cavity effect. Equation (8-80) is а 12-parameter equation for 
which considerable generality is claimed, in that itis suid to bc applicable to chemical 
rates and equilibriu, spectra, solubilities, partitivu cwvflcicnts, and even biological 
responses. Usually, of course, by judicious selection of solvents, it is possible to 
reduce the number of parameters by ensuring that some terms are negligible” An 
saample oyuk mest of the parameters in Kg. (0) ds the 
solvolysis/échydrohalogenation of t-butyl chloride in 21 HBD and non-HBD sok 
vents, for which this correlation was found;'* 


log k = —14.60 + 5.10т* + 417а + 0.738 + 0.004883, 


It is claimed that a measures electrophilic assistance by the solvent, b measures 
nucleophilic assistance, and that at least three, and sometimes four, parameters are 
Tequired to perform a dissection into these separate effect: These workers aleo 
decomposed Y into ят and o contributions, and № into т® and В contributions. 
‘Abraham ct al." have compared the performance of Eqs. (8-79) and (8-80) and 
find that they are shout equally suecessful in correlating data. 

Equations (8-79) anc (8-80) constitute attempts to account for all types of solvent 
effects on all types of processes, and this goal of n general quantitative description 
Provides an interesting contrast with the situation in suucture-reactlvity studies, 
where more limited objectives are established. Thus, for example, we are content 
to deal with aromatic and aliphatic substrates by means of separate empirical pa- 
rameters аш vorrelations. An analogy with solvent etlects might divide thesc into 
effects of protic and aprotic solvents or into finer subdivisions. The scurch for 
generality has subjected authors of these multiple regression equations (particularly 
the Kamlet-1alt group) to criticism that the generality does not actually exist and 
that apparent successes are a consequence of limited or selected data sets that explore 
only a small part of the universe of possibilities.” 





Statistical Approaches 


In the above paragraphs we saw that multiple I ion analysis i 
le linear regression analysis on equations 
of the form Wn 


k 


log (9 = Хар, (8-81) 
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can be used to describe solvent effects; in Eq. (8-81) Ше a, are properties of the 
solvents i, and the а are coefficients expressing scnsitivity to the solvent properties. 
The x, ше given, and least-squares repression provides estimates of the a. All 
LFERs and LSERs are of the form of Eq. (8-81). 

We now consider а type of analysis in which the data (which may consist of 
solvent properties or of solvent affects on rates, марка, and spectra) again ane 
expressed as а linear combination of products as in Eq. (8-81), but now the statistical 
treatment yields estimates of both a, and ху. This method is called principal com- 
ponent analysis or factor analysis.!®® A key difference between multiple lincar 
regression analysis and principal component analysis (in the chemical setting) is 
that regression analysis adopts chemical models a priori. whereas in factor analysis 
the chemical significance of the factors emerges (if desired) as a result of rhe analysis. 
We will not explore the statistical procedure, but will cite some results, We have 
already encountered examples in Section 8.2 on the classification of solvents" and 
in the present section im the form of the Swain et al.'*" treatment leadmg to Ey. 
6-74). 

Cramer" applied factor analysis to six physical properties (aqueous solvation 
energy, parition coefficient, boiling point, molar refraction, volume, and vapori- 
zation enthaipy) of 114 solvents, finding that about 96% of the variance in these 
Properties is expressible in terms of two parameters identified as bulk and cohe- 
siveness of the solvent molecules. This reduction in number of variables was sug- 
gested as the basis for the apparent simplicity of many LSERs. Maria et al.'®* 
applied factor analyeie to 10 measures of bacicity for 22 nonprotogenic solvents, 
isolating two factors that accounted for 95% of the total variance. One cf these 
factors is a blend of electrostatic and CT character, the other is essentially elec- 
Uvstatic, Chastrctte aud Carictu™” studicd 57 aprotic and 24 protic solvents, 
the data base consisting of т", Er (30), Z, B11, p, £, Км, etc. h was conchided 
that, for the protic solvents, Ey (30) measures polarity, polarizability, and co- 
hesion 10 the extent of 43, 39, and 18%, respectively; for m^ these figures 
were 53, 18, and 29%. One must admire the potential of a technique that can lead 
to such conclusions even while one remains somewhat skeptical of the particular 
result. 

Swain ct al." analyzed solvent effects on 1080 pieces of rate and equilibrium 
data, showing that more than 9X% of the effects could be correlated by the four- 
parameter equation 


log G) = аА + bB (8-82) 


where factor A is identified with znion-solvating ability (called асйу) and В with 
cation-solvating ability (Бай). It was not lourd necessary to atkl terms lor H 
bonding; indeed, A is said to account for anion solvation, H-bond acidity, and 
electrophilicity, and likewise В incorporates cation solvation, H-bond besicity, and 
mucleoplilicity. Swain et al^ suggest that the sum A + B is a measure of solvent 
polarity. Taft ct al. 1”! responded to this two foctor analysis by pointing out that of 
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the 77 reactions and properties studied by Swain, 71 involved non-HBD solvents 
and the other 6 were very weak or non-HBA solvents. so conditions for the ap- 
plicability of B were not met. Because В correlates well with z^. Taftet al. conclude 
that В measures solvent dipolarity/polarizability rather than basiry. Swain”? then 
‘cautioned against overinterpreting small deviations in correlations, namely, 0.3 unit 
or less in log А. 

A different sort of controversy has developed between the Kamlet—Tafi group 
and Sjöström and Wold, who in an exchange of papers!*”"”° debate the respective 
Strengths and weaknesses of the chemical model approach (Kamlet Гай) and the 
factor analysis approach (Siostróm-Wold). Sjöström and Wold argue that the pen- 
«rality claimed hy Kamlet and Taft for their LSER as embodied in Eq. (8-80) is 
illusory and that LFERs and 1. ЬН arc mercly cmpitieal representations of simi- 
larity, being most cffective when the correlated process is closely similar to the 
model process. Thus, а failure to appreciate this "local" applicability of LFERs 
kade to confusion of the type evidenced by ihe profusion of or substituent constant 
scales. Kamler end Taft reply that the strength of the chemical mode) approach is 
that it leads to interpretations having chemical meaning, which the factors of prin- 
cipal component analysis do not. 

‘This controversy appears to confound two separate issues. One of these is the 
general (i.e., the fundamental and valid in all chemical systems) versus the zar- 
ticular (the locally valid in the sense in which a Taylor's series expansion of any 
function leads to a locally valid linear representation). The other issue is the phil- 
osophical distinction between understanding (i.c... understanding chemically) and 
describing (with its statistical capability of predicting). These are important issues 
in the context of LFERs and LSERs. They raise the question of the relevance of 
chemical insight and scientific model building in an era when correlation functions 
can be arrived at without the introduction of chemicul concepts. One possible 
outcome may be that chemical understanding is best achieved in the context of the 
particular solutions, whereas n gencral statement will tend to be merely a quantitative 
description, whose chemical meaning remains obscure because of the inherent 
complexity of the subject. 














8.5 STRONGLY ACID SOLUTIONS 


Acid catalysis is an important kinetic phenomenon, and its study often requires the 
use 01 concentreted acid solutions, in which the conventional pH scale is not 
applicable. In such solutions (e.g. sulfuric acid. water mixtures covering the full 
range of compositions) the acid component simultaneously functions both as an 
acid and as a solvent. thus. a medium effect is superimposed on the acidity effect 
In this scction we briefly escribe the avidily function approach 10 coping with 
this problem. (A comparable approach can be taken to the study of highly 
basic solutions.) For more detailed reviews see Hammett,"" Rochester,'™ 
and Stewart.'7° 
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Acidity Functions 


Most organic compomcs are bases, that is, they arc capable of accepting a proton. 
‘The best-studied organic bascs arc the moderately strong ones, which will receive 
a proton in dilute aqueous solutions; amines are the most important examples. ‘The 
РЁ, valne af the proesnated base, referred to the infinitely dilute cqucous solution, 
is the usual measure of base strength, and the pH of the solution is a quantitative 
measure of solvent acidity, or ability to transfer a proton: 

Muny functional groups are too weakly basic w be appreciably prowonared in 
dilute aqueous solution. Nearly all of the oxygen functional groups belong to this 
category, for example. In order to measure the basicity of such substances in terms 
ога pK, value, It is necessary то devise a measure ot solution acidity. In strongly 
acid solutions the pH scale is inapplicable; the problem is that eny operationally 
significant change in acidity can only be accomplished with a corcomitant change 
тп the medium 

Consider а neutral base В of such swength thet it can be protonated in dilute 
aqueous solution in the acidic range, say pH 1-2. In the conventional manner the 
acid dissociation constant Kry + is defined, 








TN 
= н (6-83) 
asut /зн*Сын+ x) 





Кың! 








where the activity cocfficients become unity in the infinitely dilute squcous solution. 
If B is an indicator base, the concentration ratio ew/ci- can be measured spec- 
trophetometrically. Thus, Кен + can he evcluated. 

Select now a second neutral indicator base C that is weaker than B by roughly 
an order of magnitude: thus, а solvent can be found of such acidity that a significant 
fraction of both B and С will he protonated, but this will no Jonger be a dilute 
‘ayueous solution, so the individual activity coefficients will in general deviate from 
unity. For this solution containing low concentrations of both B and C, 





се COE 574 
PKcw- — pKeu* — -lug +00 к 
кузы a Еа "E неја 





(5-54) 


Y B and C are not only of the same charge type but also of the same structural 
type, it is reasonable to postulate that the ratio fofari+/ fea fa Will not be markedly 
dillerent from unity. Let us make this cancellation assumption; then Fa. (8-84) 
becomes 





pKait — рКшы+ = lee 5 + dog —* 635 
UTER 


Because the concentration ratios can be measured spectrophotometrically (in sep- 
агае solutions usually) and рКън+ is known, the unknown рК + is obtained. 
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Tuis procedure can now be repeated with a base D that is slightly weaker than C, 
using C as the reference. In this stepwise manner, a series of pK, determinations 
can be made over the acidity range from dilute aqueous solution to highly concen- 
trated muneral acids. Table 8-18 gives рКън + values determined in this way for 
mitzosniline bases in sulfuric and perchloric acid solutions."” This technique of 
determining wenk base acidity constants is called the overlap method. and the series 
of PKon+ values is said to be anchored to the first member of the series, which 
means that all of the members of the series possess the same standard state, namely, 
the hypothetical ideal 1 M solution in water. 
Writing Eq. (8-83) in logarithmic form, 








ES autho 

+ = -iog DR. - tog 2e -85) 
рК Ss ырл (8-86) 

‘The last term ie conveniently designated according tu 
(8-87) 
8-88) 

Thus Eq. (8-86) becomes 

c 
Hy = рКьн+ + log (но) 

Cra 


Ho» the acidity Junction introduced by THammett, is а measure of the sbility of the 
solventto transfer a proton tou base of neutral charge. "^ In dilute zqueous solution 
ho becomes equal to а= and Ho is equal to pH, but in strongly acid solutions Ay 
will differ from beth pH and — log ca+. The determination of Hp is accomplished 
with the aid of Eq. (8-89) and a series of neutral indicator bases (the nitroanilines 
in Table 15) whose Къы ~ values have been measured by the overlap парой. 
Table 8-19 lists Ho values for some aqueous solutions of common mineral acids. "*! 

Analogous acidity functions have been defined for bases of other structural and 
charge types, such as РА for amides aud ffe for bases thar lonize with the production 
nf a carbocation: 


ROH | H* —R' + њо 


O'Connor"? and Cox and Yates" have reviewed the many acidity function 
scales. A major use of acidity functions is for the measurement ol the strengths of 
very weak bases. The procedure utilizes spectrophetemetric measurements of the 
concentration ratio сь/свн+ in solutions of known acidity function and application 
of Eq. (6-89). One problem is the estimation of the spectra of the рше forms 
(protonated and unprotonated) of the base, for the spectra are subject to the medium 
effect, and corrections must bc applied.'”?"** Another problem is that the base 
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Тавис ВАВ, pK. Valus of Nitwaniines 























Acid 
Base H50; HOO. 
m-Nitroaniline +29 
p-Nitroasilire 1059 
-Nitroenilise. 029 —028 
4-Chluro-2-nitroaniline 16 107 
2, nctlorc-4-nitroaninme. 128 179 
2-Chlor-6-nitroaniline 243 -24 
2,6 Dichiloro-4-nitroaniline -m -320 
2,4 Dichloro-6-nitroaniline am 
2,4 Diritroaniline -AsP — -426 
2,6 Dinitroaniline 5.54 3.25 
4-Chior-2,6-dinitroaniline вм 612 
2-Erom-4 fdititronnilins -668 -6.69 
3-Methyt-2,4,6-vinitnaniline -8.2 -&56 
3-bron-2 4 6-titzoaniline. -9.46 -977 
E € on 
2,4,6-Triniuoaniline -10.10 
Source: Reference 177. 
"Uncerain. 
лави 8-19. Hy Values at 25°С 
Acid cancenirationiM нс! нсю, SO. 
on +0.98 E +ou 
025 +057 ке da T 
4020 E 
p» 0.04 =0.07 
022 -026 
—бэз 936 
-078 -0.84 
101 -u2 
-123 -1.38 
-147 -1.62 
132 185 
-197 2.06 
223 -2.28 
алат -is 
-284 -276 
зв 322 
ц -43 -3.67 
0 
30 -50 -a.a 
100 -579 -1489 








барпо Reference IRI 
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being studied should possess Ше sarwe response to acidity changes as do the indicator 
bases used in establish the acidity function scale used in the calculation, It is a 
corollary of this requicement that the relative base strengths of two bases of different 
structural type may vary with the identity and concentration of the acid used tv 
study them. "77 Amett et al." have summarized the limitations of the acidity function. 
concept end have proposed that the enthalpy of solution of the weak base in а strong 
acid be used as a quantitative measure of basicity. Heats of protonation were 
determined calorimetrically for the dissolution of bases in concentrated sulfuric acid 
und in fluorosulfuric acid, FSO;H. A good linear correlation was obtained between 
АН and pK,, covering 40 kcal mol ! in the enthalpies and 22 units in pKa. 

Bell!® has calculated Hg values with fair accuracy by assuming that the increase 
in acidity in strongly acid solutions is due to hydration of hydrogen ions and that 
the hydration number is 4. The addition of “neutral” salts to acid solutions produces 
a marked increase in acidity, and this тоо is probably a hydration effect in the 
main Critehficld and Johnsont? have made une of thie зай effect to titrate very 
weak bases in concentrated aqucous salt solutions. The addition of DMSO to 
адиссиз solutions of strong bases increases the alkalinity of the solutions, 

‘The proliferation of acidity function» is a couscyuence of the activity coefficient 
cancellation assumption. According to Eq. (8-89), а plot of loglepcan') against 
Ho sbould be linear with unit slope. Such plots are usually linear (for bases of 
closely related structure), but the slopes often ditter Irom шу. '®''°® This behavior 
is an indication that the cancellation assumption (also called the zere-order ap- 
proximation) is not valid, and several groups'**"' have devised alternatives. We 
will use the symbolism of Cox and Yates." 

Writing Eq. (8-83) in logarithmic form 





MK = —log cat — log 2 = ing Ahit (8-90) 


ly for base C shows that the zero-order approximation is stated by Eq. 





hht a fefe 


fu E fo TO 


dog 


In the linear or first-order approximation, it is postulated that these activity coef- 
ficient terms are directly proportional, as in Ец. (8-92): 





tog Se = тш (8-92) 


where m* is not necessarily equal to unity. Now let base С be defined as a standerd 
buse!™ or сусп a hypothetical basc,"" aud майс 


Fofas 


Лор fnt, 
fent 





(8-93) 
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hen Eq. (8-90) becomes 





ПКьне = —log cwt — log — m*X (8-94) 


Cont 


X is an acidity furction based on the first-order approximation, Eq. (8-92). Values 
OLX have been assigned" by an iterative procedure. ‘the data consist ot values of 
сысын» as functions of сн: for a large number of indicators. Fer each indicator 
an initial estimate of рКън = and m* is made and X is calculated with Eq. (8-94). 
This yields a large body of X values, which are fitted to а polynomial in acid 
concentration. From this fitted curve smoothed X values are obtained, and Eq. 
(8-04). a linear function in X, allows refined values of DKr апа т" to be obtained. 
This procedure continues until the parameters undergo no further change. Table 
8-20 gives X valucs for sulfuric and perchloric acid solutions." 

Tet us compare the ex pressions for pK, * under ides] (Fq 8-05), пома vern- 
order approximation (Eq. 8-96), and nonideal first-order approximation (Eq. 8-97) 
conditions: 


PRuy! = -logey = log 2 (8-95) 
eon 





PKon+ = He — log 8-96) 





= —(logecu« + m*X) — log B97) 





Сын» 


(8-95) and (8-97) shows that the quantity m*X is е measure of 
5 excess of the ideal state; this gives rise to the term excess acidity 
‘method for the X acidity function approach. We also have, from Eqs. (8-87) and 
(8-88). 








Ho = log eye — tng fe (8-98) 


Comparing Eqs. (8-92) and (8-98) shows that 
Hy + log qt = т (8-99) 


Observed m* values cluster about 1, but considerable variation is seen umeng 
structural types.'* For some systems, however, Ho + log c+ = —X, in these 
cases the excess acidity method is equivalent to Bunnen and Olsen's method,"®? in 
which the sum My + log c+ plays the acidity function rule. 

Equations (8-96) and (8-97) provide altemate routes to the estimation of 
pss values for weak bases. Because we have ro independent knowledge of a 
truc value, it is difficult to judge which method is superior. Johnson and Stratton'”* 
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‘Tams, 18.20. Values of X бес Aqueous Sullurie und Perdhloriv 














Acid Solutions 
ног HCIO. 
Lot ey x x 
s лоз ma 
m 0231 0212 
5 «315 0387 osn 
E] 0.461 0.573 051 
35 057 0790 0819 
Е] 0.674 1.038 Lue 
35 0.757 1317 таба 
w овд 1.628 1879 
4 0.891 1969 2356 
0.945 2.345 298 
x5 0.970 2.548 3200 
5 бөз 2703 3561 
975 Love 2992 3.932 
e 103 3.238 4337 
ыз 1052 3505 4.715 
6 тобо 395 s241 
67.5 1.084 4.112 m 
т 1.097 4459 6.220 
n 1.108 4755 6507 
a Lus 5.080 пев 
$5 1.128 5421 7.396 
R 11% 5779 7260 
Е ля 6.150, 
а 1.143 6.528 
e 1.193 6506 
8 1109 nm 
в 1.066 1631 
0.996 7985 
9 (896 2340 
9 алаа 8743 
га 0654 8.989 
» m 9285 
9 01392 956 
» 0187 10132 
5 Е 10751 
95 -0.504 1136 





Source: Reterenec 1 
“or calculated from the dissociation constant of the bisulfate ian. 





correlated рын ' valucs calculated by cach method against other uxcasuies such 
aso or АН, seeking the more chemiczlly reasonable relationship, and concluded 
that Ey. (8-96) provided slightly better results. Wojcik'™ compared the zero-order, 
first-unter, and secord-order (1.е., quadratic) approximations and reached pessi- 
mistic conclusions about the potential accuracy of any p&p! measured by an 
acidity function method. 
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Mechanisms of Acid Catalysis 
“The principal nse of acidity functions has been for the study of reaction mechanisms 
in acid-catalyzed reactions. ®! We consider acid-catalyzed reactions in which a 


nucleophile, often water, may be a reactant. Three mechanisms sre commonly 
considered: 


AL. А fast preequilibrium protonation of substrate followed by a slow rate- 
determining reaction of the prownaed subsuialc. Subscqucut steps (sudi as 


attack by water) are fast. 
fa 
S + H* —SH* 
Spr 
slow 


1' + HO products 


A2. A fast preequilibrium protonation followed by s slow rate-determining attack 
by nucleophile 


[Чч 

S-H*-—SH* 
=“ 

SH* + H,0>I' 
ne 


1* — products 


En | 


А 5,2. A slow protonation of substrate followed by fast steps 


м 
S +Н+'—>5Н* 


SH* — products 
E. 


Most acid-catalyzed hydrolyses of carboxylic acid derivatives proceed by the AZ 


иклһашы, as shown for ester hydrolysis: 





‘on 
1 


RCOOR + H* — RC—OR 
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тон тон 
| 
R—C—OR О Сов 


оп IE 


R—C—OR = RCOOH + ROH + H* 


1 
*OH, 


In highly concentrated acids. however. with leaving, proups that Facilitate bond 


cleavage, the A1 route may prevail, the intermediate being the acylium ion: 


*on 
l 
RCOX | Н =R—C—X 
*on 
| * 
RK—C—X-— R—C-—0 + HX 


+ 
K—U=0 + HjU— KCUOH + Ht 





The A-S,2 mechanism is exemplified by some aromatic electrophilic substitutions: 


© 
— | +x 
x 


The kinetic problem is to distinguish among these mechanisms and particularly 
between the Al and A2 routes. The first effective solution to this problem was 
provided by Zucker and Hammett.'® The key difference between these mechanisms 
is the presence (A2) or absence (A1) of a molecule uf water in the transition state 
of the rate-determining step. 

Consider the Al scheie. '®? The observed first-order rate constant is dehined by 
the experimental rate equation. 





V= kS, = Kedts + сын!) (8-100) 
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and according to transition state theory the rate equation can be written 


AE 
y = ficou ft 


(8-101; 
fi К n 


where f, is the transition slate acüvity coefciemt. The acidity constam of the 
substrate is 


mE (8-102) 


Сън Ант 





Kent 


Making use cf Eq. (8-87), which defines Ay, gives, upon combination with these 
equations, 





de 





* k 
ds (etas) = dades 


e 


Кзч+ faf 


where В is a Hammett base, i.e., u Бизе appropriate to the I1, acidity function. In 
logarithmic form, 





log hos = кє ( 25 ) = Hy + loge + log fefe 


lre + rens, ae faf 


(8-104) 


The quantity on the left side of the equation is referred to as the logarithm of the 
rate Consiant correcied for protonation; often the сокал tenn is ucgligible. If 
the activity coefficient term on the right side is negligible, Eq. (8-104) predicts a 
linear relationship between the corrected log kyn and — Hy, the slope being unity. 
А similar treatment of the A-5,2 mechanism also predicts a near plot of log Кы 
against —Hy 

The result for the A2 route is somewhst different; Eq. (8-105) is obtained for 
this mechanism, 


Fart hs 
Sofi 
(8-105) 


log Кы = о ) = —Ho + log ay + 10; 





és + Cunt 


where au is the activity of water (or other nucleophile participating in the reaction). 
Because a, is u function of the acid concentration, the plot of the left side against 
— Ho will be nonlinear. This distinguishes between the AT and A2 mechanisms. 
As originally proposed, the Zucker-Hammett hypothesis" states that for A1 
runctions log Ko ie linear in — Ho. whercas for A? reactions Ing kens is linear in 
log cw. This latter statement is now known not to be generally correct. Morcover, 
the slopes of plots against — Ро often differ from unity.'™” Burnett and Olsen'^* 
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Showed that plots of log kas + Hy against Hy + log en were linear; as we saw 
earlier, this approach is similar to the excess acidity method. 

In 1961 Bunnett'* reported that plots of log ka + Ho against log o. ите often 
linear |se Eq. (8-105)]. The slope of such a plot is labeled w. In some cases а 
plot of log kæ — log q+ is linear, with a slope w*. The protonation correction 
may have to be applied, (O’Connor"? has tabulated a. for билн of HCL Н.о, 
HCIO., and Н.РО, |А range of w values is observed, and by utilizing independent 
mechanistic evidence, Bunnert proposed the empirical mechanistic criteria in Table 
8-21 to replece the Zucker-Hammett criteria. The w and w" valucs have bee 
interpreted as functions of the difference in number of water molecules between 
the initial and transition states. This interpretation is certainly not fully correct, for 
other effects seem to contribute to these parameters, but Ше lrydration hypothesis 
Probably is qualitatively valid. Thus, this hypothesis predicts AS* will decrease as 


w increases, as а consequence of the increasing hydration of transition states, and 
а rough corrulation i» observed. 


Thecxeessacicity treatment makes usc of X rather than Hp. For the A1 mechanism 


Eqs. (8-100)-(8-102) apply. but now we replace аы» with c+ fu» and rearrange 
to obtain 











k Г 
leg kum — lo fs ) += qo fet ш; 
: (SY. == =й Se Да) 
Now by analogy with Eq. (8-97) we postulate? 
log ft = пе tog BE = mim (8-107) 
4 fae 


where те pertains to base S and mey be independently determinable by means of 
Es. (8-94). We, thus, obtain 


С 


казы = кє (— ЕИ 





bi cats (8-108) 


Кы, 


The analogous equation for the. A? mechanism includes log a, on the right side. 
A plot of the lett side of Eq. (8-108) against X is linear for AI and ronlinezr 
for А2 reactions. The curved A2 plot can be transformed to а linear plot by 


Task 8-28. Mechanistic Criteria Based on w and w* 











Substrate уре w wt Bele of EO in rote-determining чер 
Protonztd en O or N -25 100.0 1s not invetved 

Poman ers 4120933 < 2 Acts as a pucleophile 

Protonated on О or N >433 2 Acts as serena acid-base 
Hydrocarhonlike bases About © Adis a8 general scid-bese 
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subtracting log a, from the ordinate quantity. Other nucleophiles can be dealt with 
similarly; for example, bisulfate ion may function as a nucleophile in concentrated 
solutions of sulfuric acid. It is observed that тт? is greater than 1 for Al, about 1 
for A2, and less than 1 for A-S;2 reactions." 
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PROBLEMS 
1. These ите data for this reaction: 
NACOO + H* — products 
Volume % dioxane log k Asten неса mor! 
o 1034 129 102 
ю 10.60 1.1 ю2 
m [a 149 юл 
ю 1.22 15.3 98 
E 11.64 15.7 $3 
* 1220 20.2 98 
E 1295 ^s wa 
Calculate 6,45! and ё," from these data irelative to pure water), 
2. (a) Derive an equation giving ByAS' as a function of Ам and Ko, where ku and 





ke are rate constants in medium M and a reference medium, respectively, 
for the case in which АН is the same in the two solvents. 
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Рн 


м 


^ 


з 


(b) Calculate kusiko, assuming AH = 0, at the following values of &«AS*- 
1,2, 10, 20, 30 eu. 

Calculate Mukerjee’s /1 value for pure methanol 

For the isotropic conrinum model of the reaction of an ion with а nentral molecule 

[sce Eq. (8-25)], obtain an expression for the electrostatic entropy of activation, 

Sketch qualitative reaction coordinate diagrams corresponding t0 the several 

areas and lines in Fig. 8-5. 

Acidity functions other than //; have been defined based on indicators other 

than neutral bases: 





Нь ROW  H* = R* + HO 

H HASN +A 

H, ВН =B' + Ht 
Give formal definitions of Hy, H , and  , analogous to the definition of Fe. 
Amides undergo acid-catalyzed hydrolysis, the rate constunt typically passing 


through a maximum at 2-6 M acid, Develop a hypothesis to account for the 
maximum. 
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Answers to Selected Problems 





CHAPTER 1 


AILO _ 
dr 


Мао) 
а 





акма, _ 
dt 


ан5о __ 
at 





а 





1403 _ dlK:S0,} 

5d 

5. v = AP JIC;HsBr] 

6. First-order: time" (usually s). 
Sccond-order: concentration * time ' (eg. M's") 
‘Third-order: concentration * time (M^ s). 

7. kulka = 3.10. 

1 de, 


B vay DT 
"T wd 











CHAPTER 2 

2. по = 0.69%. 

3 = (ru — 

4. Mek — UCR + 2де. 
5. (a) k = 5.84 x I? s". 





(b) c (ester) — 4.20 х 10°; e (phenol) = 1.59 х 10* 
€ (A — 0.559 Мз! 

(b) 1.29 x I0? s. 
7. First-order. 
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(2) Using the Guggenheim method, 10? кус! = |. А 
ПЛЕД) 1.90 (pH 11.59), 2.52 (pH 

(b) = 0.356 M7 5. 

(A – 0.503 M's 
. (a) = 0.253 M mi 

bk = L49M 251, 
10. (Уе = Vala = exp (En. 

- СЕ. Connors, К.А. Anal. Chem. 
ipod 1975, 47, 20%. 
13. (а) ip (zero-order) = 0.1 ‹% н. 

(6) toy (first-order) = 0.105 «^v, 
15. m = a'oi, where ai, = otet. 
16. (а) т = 0.00283. 
(b) % RSD = 0.63%. 


» 





= 4.22 x 10 M^ mint 











CHAPTER 3 


Кы = ЫОМе] + ko 

& [H20] = 5.53 х 105s; д у = 1.27 x 10651, 

Using [HO] = 55.5 M. k, = 9.96 х ID’M' | 

E = 0.316 M° eC 

«Б^ = Rik thy atts = 

ШЛУ 

з, 

kon = les ЖЫ). 

A = pha gh = O.wherep =k + kh + kA ky +k tk ond 
тка + kiks + kika + kiks + kaka + kiks БА + koky 
* LS E 
The rots are 








Benyvewe 


m + (р? — Aq? ya 
|р — (P — 52]. 
= Ка = МК, 
09 [Sv — 150 + Kui 





CHAPTER 4 


Five relaxation times, 

T= (hy + k idee. 

vl = Adi, + Üp) + 3К_\Сс. 

т! = 4Һё, + ka 

ix + kale + ёр). 

The experimental results ae k = 5 x 10" М s! and k, = 86 х 10^ 
te 





Neb рю 


MEDIUM EFFECTS 465 


Sce Table 4-1. 
hmong — 3.6 х IMs 
Амо = 75 x 109 Мв 
12. (а) 0.32 liz. 
W) 3.90 He 


CHAPTER 5 


LOK = КУК Коз 

3. AS = AHT 4.576 log (T/k) — 47.22, where the time unit is seconds. 

4 E, = E + КТ. 

б. д0 = 2072 + 2400. 

9. (b) Substitute the coordinates at the transition stare, substitute фе coordineres 
at the initial state, and subtract, 








CHAPTER В 
LE, = 123 KJ mol" 
2. Е, — 83.5 К mol’; A = 5 x 10" Mts; 
8 x I0? M's". 
& 39 x 10? st 
4. 29.1 kcal molt: AS* = 7.2 eu 
5. Ant 15.6 kcal mol '; AS* 45.6 cu. 
7 bey = Ink; then ? UÈ — constant. and w = a/ 2 = constant. 
8. le Noble” reports ДУ? = 16 + 1 cm? пої". 
9. See Fig. 6-5. 


10. kon — 160 M- зг! 
М. ДМ ! s? = 2.70 (pyridine); 13.7 (NMIM); 2000 (DMAP). 
IBIDGI 
IBH' | + ах 
15.5 4 ЊО — I. 
rF + H+ 2H. 
HI products. 
16. AE, = 1.15 kcal mot 








CHAPTER 7 


Lo р (58.25%) = +1.57. 
р (79.65°Су = +1.25. Note that benzoic anhydrides bave two identical 
sites of reaction. 
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3. (ak — 59 x I^ M' s" 
(b) kiko = 2.15 x 10° 
4c) kko = 0.769. 





CHAPTER 8 


3. H = 0456 

4. А5, = (0QAGIOT); — constant x ет. 

7. The increase at low acid concentrations is due ro catalysis: the decrease at high 
acid concentrations is due to reduction in the water activity 





APPENDIX B 


Physical Constants 











Quantity Symbol Value 
‘Avogadro's number Ne 6.023 x 10? mot" 
Boltzmann constant k 1380 x 1089 KE 

1380 x 10 erg Кт 
Gas constent R 83141 K” ux? 

8314 107 ergs K? mot! 

1587 cal K^ mor 
таану r миш? = лоны me! 
Elementary cheree e 1.602 х гэс 
Electron volt “ 1.602 x (9T 
Planck's consent n 6.626 x 1091. 

6626 х 107" ergs 
Speed of light ín victum. c 259979 x I'm s? 


ae o ammm 
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Index 


Absolute activity, 202 
Absolute reaction rate theory, 200 
Absorbanoe, 34 
Absorption coefficient, 145 
“Absorption made, 164 
Absorption phase, 68 
Absorption spcetroscony. 71 
Absorptivity, 34 
Acceptor ability, 439 
Acceptor number, 439 
Accuracy, 51 
‘Acetylation kinctics, 32 
Acetylation of alcohols, 117 
Acid 
hand, 8, 361 
soft, 8, 361 
Acid-bosc catalysis, general, 344 
Acid-base reactions, fast, 149 
Acid catalysis, 446 
general, 265, 268 
mechanisms of, 453 
specific, 264, 268 
Acidity 
excess, 451 
Lewis, 426 
Асіану function, 448 
Acity, 445 
Activated complex, 200 
Autivation акау, 14, 188, 208, 246 
determination of, 246, 256 
diffusion limited, 136 
experiment, 14 
intrinsic, 256 
typical valucs of, 260 
Activation parameters, 207, 246 
‘standard states and, 253 
uses ol, 259 
Маун volume, 261, 416 
Activity, 255 
absolute, 202 





Activity coefficient, 255 
degenerate, 420 
ionic strength and, 410 
regular solution theory ard, 415 
single ion transfer, 420 
transfer, 420 
transition state, 209 
Acyl-ovyprn fission, 7 
Acyl transfer, nucleophilic, 349 
Adiition, В 
Adiabatic assumption, 194 
failure of, 229 
Alkyl-oxygen fission, 7, 10 
Alpha effect, 355 
Analog simulation, 114 
Angular momentum, 160 
muclear, 153 
Angular velocity, 155 
Anion nucleopkilicity, 421 
Amon solvatng ability, 443 
Anti-Hammond behavior, 232 
Apolar solvents, 398 
‘Approximation, catalysis by, 203 
Approximation effect, 365 
Aprotic solvents, 398 
Ажа as а variable, 81 
Area differential, 8L 
Arrhenius equarion, 14, 187, 208, 245, 
259 
cextersiors of, 252 
Arhctius plot, 188, 246, 254 
шуаш in, 251 
Aulocalalysis, 22 
‘Avoided crossing, 233 


Baricr 
energy. 5 
intrinsic. 226. 239 

Base 
hard, 8, 361 
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Base (continued) 

indicator, 447 

solt, 8, 361 
Base catalysis 

general, 265, 268, 271 

specific, 264, 268 
Dase strength, созсом of, 447 
Basicity, 8 

Lewis, 425 
Busicity und nuclouphilivity, 345, 350, 360 
Basity, 445 
Batch mixing, 176 
Pathochramic shift, 435 
Beer’s law, 34 
Bell-shaped pH curve, 285 
Bloch equations. 160. 163 
Blue shift, 435 
Bodcnsicin approximation, 101 
Boltzmann constant. 202 
Boltzmann distribution, 157, 201 
Bond dissociation curve, 191, 293 
Bond dissociation erergy, 196 
Bond order, 223 
Borderline reactions, 429 
Born equation, 408 
Born-Oppenheimer approxinnation, 193 
Brfnstod acid catalysis, 265 
Br¥nsted Бахс catalysis, 265 
Bryinsted coefficient, 225, 345, 347 
Brgnsted plet, 346 
Brønsted relationships, 345 
 Brénstec-tyre plot, 350 

‘curved, 351 
Buffer, 24 
offer catalysis, 265 
Burst effect. 118 





Cage, solvent, 134 
Cancellation assumption, 447 
Catalysis, 263 
acid, 453 
buffer, 269 
definitions of, 263 
slectrophilie, 265 
genera! acid, 265, 268 
generi! base, 265, 268. 271 
intermolecular, 266 
intramolecular, 266 
muclecphilic, 266, 268, 271 


by pyridine, 7 

specific avid, 264, 268 

specific base, 264, 268 
Cinlor-anion recombination, 358 
Cation solvating ability, 445 
Cavity theory, 395, 412 
Characteristic equation, 92 
CCharge-transfer. 394 
Chemical exchange, 166, 173 
Cherricul flux, 60 
Chemical potential, 202, 254 

standard, 254 
Classification of solvents, 397 

acid-base, 397 

hydrogen-bonding, 397 

мавчї 100 

structural, 397 
Clavsius-Mosotti equetion, 389 
Closed systems. 10 
 Coalescence, 169 
Cuhesive energy density, 412 
Collision, bimolecular, 188 
Collision theory, 188 
Common-ion effect, 428 
Common-ion inhibition, 183 
Compensation effect, 369 
(Competitive reactions, 59 
Complex 

activated, 200 

charge-transfer, 394 

electron doror-acceptor, 394 
Complexation rares, 150, 152 
Complex reaction, 4, 12, 59, 139 
Complicated rate equation, 59 
Composite reaction, 4 
Concentration jump. 179 
Concentration scales, 254 
Concentration-time curve, 120 

‘area under, 81 
Concentration units, 11 
Coucuted reac tuum, 230 
‘Concurrent reactions, 62 
Confidence interval, 48, 49 
Conformational change, 175 
Consecutive reactions, 59, 66 
Continuous flow, 178 
Continuous wave, 170 
Coordinate system, rotating, 168, 170 
Coordination number, 134, 403 











тоел an 


Correlation timc, 165 
rotational, 165 

Cosphere, 402 

Coulombic integral, 194 

Coulomb's lw, 392 

Covariance, 40, 47 

Ctoss-tmeruetton consart, 332 

Cross reaction, 229 

Curve-fining, 88 

Cybcüc region, 403 


Data analysis, 31 
Dutive form, 394 
Dead time, 177, 179 
Dcbyc-Hückel equation, 410 
Regenerate stator, 153 
Degrees of freedom, 47 
Deselvation, 362, 421 
Detailed halence, 125 
Derermirant, 92 
Determiristi rate equations, 114 
Deuterium oxice. properties ef, 300 
Dielectric constant, 387, 389 
Kirkwood function of, 406 
microscopic. 403 
Differential equations, sclution of, 86 
Differential rate equation, 13, 59. 77 
Diffusion, 134 
Diffusion coefficient, 134 
Diffusicr-controllcd rate, 124, 134 
Diffusior-controlled reactions, 149 
Dimzoth-Reichard betaine, 437 
Dipolar aprotic solvents, 398 
effect on anion nucleophilicity, 404, 421 
Dipotarity-polarizability measure, 439 
Dipole-dipole interaction, 392 
magnetic, 159, 165 
Dipole moment, 389 
excited state, 435 
Disparity reaction, 237 
Dispersion forec, 392 
Dispersion mode, 164 
Dissociating power, solvent, 402 
Dissociativt, 401 
Dissociation constant, 402 
Dissolution гае, 24 
Distribution coefficient, 420 
Donor ability, 425 
Donor number, 425 


Double dagger symbol, 205 





Effective molarity, 365 
Eigenvalue, 90, 92 
Electr neid cischarge, 144 
Electric field шир, 144 
Electrochemical reactions, 181 
Ekctrode reactions, 182 
Electrofuge, 9 
Ekatron affinity, 361 
Electron Алалла complex, 394 
Electroncutralily principle, 147 
Electronic effects, 
«рме, 237 
aromatic, 316 
hydrogen and deuterium, 300 
separation of, 325 
susceptibility to, 328 
transmission of, 328 
Plectrenic transition energy, 435 
Electron paramagnetic resonance, 153 
Electrephile, 8 
Llectrephilic catalysis, 265 
Electrephilic substituent constant, 322 
Electrostatic factor, 398 
Electrostatic free energy. 406. 408 
Electrostatic interactiors, 391 
Electrostriction, 262, 416 
Elernentary reaction, 3, 7, 11, 59, 201 
rate equation of, 12,17 
Elimination, 8 
unimolecular, 9 
Elimination phase, 68 
Empirical polarity mcurures, 425 
Encounter, 134 
Fndergonic reaction, 223 
Energy barrier, 3 
height of, 220 
position ot, 220 
Enthalyy-entropy relationship, 369 
Enthalpy of activation, 207 
determination of, 246 
Entropy control, intramolecular reactivity 
and, 367 
Entropy of activation, 207 
determination of, 246 
as mechanistic criterion, 220 
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Entropy of activation (continued) 
sign of, 256 
Fniropy unit, 242 
Enzynuc catalysis, 102 
Enzyme-substrate compler, 102 
Equilibrium, 60, 97. 99, 105, 125, 136 
vondition for, 205 
displacement from, 62, 78 
in transition state theory, 201, 205 
Equilibrium assumption, 96 
Equilibrium constant, 61, 138 
cormplexatior, 152 
dissociation, 400 
ionization, 402 
Kinctic determination of, 279 
partition Functions ir. 204 
pressure dependence of, 144 
temperature dependence of, 143, 257 
transition stave, 207 
Equivalence, kinctic, 123 
Error analysis, $0 
Error propagation, 40 
Ester hydrolysis, 4 
Euler’s method, 106 
Excess acidity method, 451 
Exchange 
chemical, 166, 173 
fast, 168 
isotopic, 300 
slow, 168 
Exchange frequency, 167 
xchange integral, 194 
Excrgotic reaction, 223 
Exponential function, Laplace transform 
vt, 83 
Extent of reaction, 10 
External return, 428 
Extrapelation, 6+ 
Pxtrathermodynamic relationships, 301, 
425 
Eyring plot, 246 


Factor analysis, 445 
Fast preequilibeium, 97 
Fast reactiors, 63, 133 
Есашегтр technique, 73 
Fick's first law, 134 
Field ейел, 336, 338 
Final state, 3 


mune 





order 
apparent, 23 
pseudo, 23 
First-order approximation, 450 
First-order decay, 18 
Firstorder plot, 18, 35 
Tistvido rete vitant, 18, 
Firstorder rate equation, 18, 31, 34 
First-order reaction, 18. 60 
Flip Rop problem, 66 
Flow methods, 177 
Fluorescence quenching, 180 
Пих, 134 
chemical, 60 
Force constant, 294 
Force af interaction, intermolecular, 
301 
Torcing function, 143 
periodic, 144 
transient, 143 
Fourier transform, 170 
Fractional time, 29 
Fractionation factor, 301 
Traction theorem, general partial, 85 
Fiame, rotating, 170 
Franck -Condon principle, 435 
Tree energy, 211 
transfer, 418 
Free energy of activation, 207, 210 
Free induction decay, 170 
Нес radical reactions, 8 


Frequency, 153, 155 





exchange, 167 
precessional, 155, 165 
relaxation, 167 
resonance. 164 

Frequency domain, 170 
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Frequency factor, 


Gas-phase reactivity, 385 
General wid-bare catalysis, 344 
General acid catalysis, 265, 268 
General base catalysis, 265, 268, 271 
Gunem] partial fraction theorem, 65 
Geometric mean approximation, 414 
Grophical analysis, 52 

Group transfer, nucleophilic, 357 
Growth curve, 23 

Guggenheiru method, 36 





Half-life, 29 
concentration dependence of, 29 
амида, 18 

Hammett acidity function, 448 

Hammett equation, 315 

Hammett plot, 318 
nonlinear, 333 

Hammett substinert constant, 316 

Hammond hehevier, 232 

Hammond postulate, 220 
‘geological analogy to, 220 
Gplical analogy to. 223 

Hardness, ®, 361 

Haud soft acid-base concept, 360 

Harmonic mean, 370 

Harmoric oscillator, 221, 294 

Heat capacity of activation, 251 

Heating tire constant, 144 

Heat of ionization, 257 
of water, 257 

Heisenberg uncertainty principle, 158 

Hercerson-Hastelbzlch equatior, 281 

Heterogeneous reactions, 10 

Heterolytie reactions, 8 

Hircered base, nuckophilicity cf, 272 

Homogencous reactions, 10 

Homolytic reactions. 8 

Hughes-Ingold rule. 387 

Hydration sphere, 152 

Hydrogen bond acidity, 440. 

Hydrogen bonc basicity, dau 

Hydrogen bond formation, effect of, 439 

Hydrogen bonding, 395 

Hydolysis, 7, 147, 148 
снет, 4 

Hydrophobic effect, 395 

Hydrophobic interaction, 395 

Hycrophobicity, 395 

Hyéroxamic acid, 118 

Hsdcorslic solvents 
ionization of, 409 
polarity of, 401 

Hyrsoehrorie shift, 235 


Identity reaction, 229, 358 
Induced dipole. 392 

Induction forces, 392 

Induction period. 75, 120 
Inductive effect, 323, 325, 338 
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Infinity rime, 34, 36 
Infinity value, unknown, 36 
Inhibition, corimon ion, 183 
Initial rate, 28, 103 
кїї stac, 3 
Vootrocicntal dato, 34 
Integrated rate equation, 24, 60, 77 
deviation from, 25 
Integrating, lictor, 66 
Integration 
by Laplace transforms, #4 
numerical, 105 
Runge-Kutta, 107 
Intermediate. 4—7, 67, 79, 116 
anionic. 730 
cationic, 230 
common, 119 
detection of. 117. 188. 271, 277 
ionization of, 292 
trapping of, 272 
Intermolecular catalysis, 266 
termolecular forces, 391 
Internal pressure, 412 
Intramolecular assistance, 334 
Intramolecular catalysis, 266 
Intramolecular reactivity, 363 
Intrinsic acidiry, 402 
Intrinsic barrier, 226, 239 
Intrinsic well, 239 
Inverse transform, 83 
lon contact distance, 410 
Tonic reactions, & 
Tonic strength, 386, 410 
Tonization, 
heat of. 257 
Ionization constant, 402 
Jcuizaion potential, 361, 414 
Ionizing power, solvent, 402, 430 
Ton pair, 401 
contact, 402 
external, 402 
intemal, 402 
intimate, 402 
solvent separated, 402 
Ton solvation, 401 
Tneversibilty, 116 
Isergonic reaction, 223, 225 
Tsocnthalpic reaction, 369 
Tsoentropic reaction. 369 
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Isokinetic relationship, 261. 368 
Tokinetic temperature, 368 
Isolation technique, 26, 78 
Isotope effects 

inverse, 299 

kinetic. 292 

primary, 293, 295 

secondary, 298 

solvent, 272, 300 
Isotopic exchange, 300 
Isotopic substitution, 6 


Joule heating, 144 


Kilocalorics, 14 
conversion of, 246, 
Kilojoules, 14 
conversion of, 246 
Kinetically equivalent terms, 123 
Kinetically indistinguishabte terms, 123 
Kinetic equivalence, 123, 136, 217, 349 
эп tbtramotecutar catalysis, 267 
salt effect and, 4! 
Kinetic isctope effects, 292 
primary, 293 
secondary, 298 
solvent, 300 
Kinetic schaue, 4, 7, 39 
cyclic, 99 
development of. 115 
rate equations in, 122 
Kirkwood dielectric corstant function, 406 





Logtime, 75 
Laplace transfurn, 82 
Larmor precessiona) frequency, 155, 165 
Loser pulse ebsorpeion, 144 
Lattice cnergy, 403 
Law of mass action, 60, 125 
Least-squares analysis 

linear, 41 

nonlinear, 49 

univariate, 44 

unweighted, 44, 51 

weighted, 46, 51, 247 
Leaving group. 9, 340, 349. 357 
Lennard-Jones potential, 393 
Lewis айй hose adcuct, 425 
Lewis alysis, 265 
Lewis acidity, 426 





Lewis basicity, 425 
Lifetime, 18 
fluorescence, 181 
state, 153, 158, 167 
Lifetime broadening, 158, 165 
Linear fras energy. rehitionehipe, 412 
and reactivity-seleaivity principle, 375 
Lincar functions, 41 
Lincarizaion. 137. 139 
Linear operator, 83 
Linear solvent effect relationships, 442 
Line browdening, 158, 159 
Linewenver-Burk plot, 103 
Linc width, 167 
Lipophilicity, 396 
Lorcon force, 392 
Longitudinal relaxation, 161 
Lorentzian line shape, 168, 170 
Lorenz-Lorentz equation, 389 
Lyate ion catalysis, 264 
Lyorium ion catalysis, 264 


Magnetic moment, 153, 155, 160 

Magnetic quantum member, 153 

Magnetization, 160 

Magnetogyric ratio. 153, 160 

Main reaction, 237 

Marcus equation, 227, 238, 314 

Marcus plot, slope of, 227, 354 

Marcus theory, applicability of, 358 

reactivity-selectivity privaiple aud, 375 

Mass, reduced, 189, 294 

Mass action law, 11, 60, 125, 428 

Mass bulance relutionships, 19, 21, 34, 60, 
64, 67, 89, 103, 140, 147 

Maximum velocity, enzyme-catalyzed, 103 

Mean, harmonie, 370 

‘Mechanism 








study of, 6, 115 
Medium effects, 385, 418, 420 
physical theories of. 405 
Meisenheitner complex, 129 
Meuschukin reaction, 404, 407, 422 
Mesomerism, 323 
Method of residuals, 73 
Micheclis constant, 103 
Michaclis-Menter equation, 103 
Microscopic reversibility, 125 


Microwave heating, 144 
Mixing 

batch. 176 

complete, 178 

flow, 177 

rapid, 176 
Mixing Шик, 133 
Model building, 115 
Madel function, 42 
Molarity, effective, 365 
Molarity scele, 254 
Molar polarization, 389 
Molar refruction, 389 
Molar volume, 261 
Molecularity, 9, 24 

reaction onder and, ЭЛ 
Mole fraction scale, 254 
Monte Carlo simulation, 109 

Bectuctiors in, 
Morse equation, 196 
Multiple linear regression, solvent effects 

and. 443 





Naked anions, 360 
Neighboring group particination, 334 
Neutralization, 147 
No-bond form, 394 
Nonisothermal kinetics, 250 
Nonlinear function, 41 
Nonlinear least-squares regression, 
49 
Nonpolar solvents, 398 
Normal equations, 43 
monlincar, 49 
Nuclear magnetic resonance, 153, 
185 
Nuclear relaxation, 160 
Nuclear spin, 153 
Nuclear Zeeman splitting, 154 
Nuckofuge, 9 
Nucicuplile, 8, 349, 397 
Nucleophilic attack, 266 
Nuckeoptilic catalysis, 266, 268, 271 
Nucleophilicity, 8, 349, 357 
anion, 404 
solvent, 431 
Nucleophilic parameter, 358, 361 
Nucleophilic substitution, solvent effects 
on, 427 
Numerical integration, 105 
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Objective function, least-squares, 42 
Oscanr's razor, 115 

Operator, delta, 312, 386 

Orbital steering, 306 

Order 


determination of, 24, 28, 275 
overall, 13 
reaction, 13, 24 
with respect to concentration, 28, 29 
with respect о liac, 29 

Orientation effect, 366 

Ortho effect, 334 

Overlap integral, 194 

Overlap method, 448 

Oxidation and nucteophilicity, 360 


Parabolic energy barrier, 221 
Parallel displacement, 232 
Parallel reactions, 50, 67 
Paramagnetism, 166 
Parameter, 41, 42 
variance of. 46 
Partial fraction theorem, 85 
Риши] molar free energy, 254 
Partial rate factor, 373 
Partition coefficient, 400 
transfer free energy and, 419 
Partition fanction, 201 
Factorization of, 203 
translational, 204 
vibrational, 204, 206 
Peak width, 164 
Perpendicular displacement, 232 
pH, temperature dependence of, 258 
Pharmacokinetics, 68, 73 
TH Puffer, 24 
pH effects, 273 
pirate pronies, 273 
bell-shaped, 285 
compilation of, 292 
sigmoid, 277 
Pjump, 144 
Polar effect, 323, 337, 339 
Polarity, solvent, 267, 399 
Polarity measures, empirical, 425 
Polarizability, 338, 389, 392, 414 
nucleophiticity and, 361 
Polarization, molar, 389 
Polarization forces, 392 
Polar solvents, 308 
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Potential, chenical, 202 
Potential energy, 
diatomic molecule, 191 
Potentii) energy fonctions, 391 
Potential energy sucfaces, 191 
Precession, 155 
Frecessional frequency, 100, 103 
Preequilibrum, fast, 142 
Preequilibrium assumption, 96, 105, 116 
Preexponentiat factor, 14, 188, 246 
collision theory and, 190 
temperature dependence оё, 190, 207, 
251 
Pressure 
effect on rates, 261 
intemal, 412 
Pressure jump, 144 
Pressure units, 262 
Pre steady state, 104 
Primary isotope effect, 293, 295 
Primary salt effect, 386, 411 
Principal component analysis, 245 
Principle of detailed balance, 125 
Principle of microscopic reversibility, 125 
Product state. 3 
Propagation of errors, 40, 48, 248 
Propinquity effect, 263, 365 
Protolysis. 147. 148 
Proton inventory technique, 302 
Proton transfer, 166 
direct, 148 
extent of, 346 
fast, 97, 146, 173 
isotope cffoct in, 296 
partial, 395 
Pronimity effost, 365 
Preudefirst-onder rate constant, 23 
Pseudo first-order reaction, 61 
Pseudo-order rate constant, 23 
Pscudo-order renction, 23 
Jscudo-order technique, 26, 78 
Pulse NMR, 170 





‘Quadrupole тетет, 155, 166, 391 
‘Quasi-steady-state approximation, 101 
Quenching, fluorescence, 180 


Rapid mixing, 176 
Rate, diffusion-controlled, 134 


Rate coefficient, 13 
Rote constant, 13 
catalytic, 268 
determination of, 31 
diffusion limited, 135 
first-order, 18, 31, 61 
pressure depencerice of, 1 
pseudo-order, 23 
secund-vrder, 20 
temperature dependence of, 13, 245 
transition state theory, 206 
zero-order, 17 
Rate-detcimining step, 213 
change in, 352 
Rate equation, 11, 17 
complicated, 13, $9 
deterministic, 114 
differential, 59, 77 
elementary reaction, 17 
first-order, 18 
integrated, 17, 60, 77 
simple, 15, 17, 50 
transition state, 205 
zero-order, 17 
Rate-cauilibrium relationship. 224 
Rate-limiting step, 213 
Rare measurement, 77 
Rate of reaction, 10, 11 
Reactant час, 3 
Reaction 
acyl transfer, 349 
borderline, 429 
complex, 4, 12, 59 
composite, 4 
concerted, 230 
diffusion-controlted, 134 
disparity, 237 
displacement, 427 
electrode, 182 
clectrophile-nucleophite, 358 
elementary, 3, LL, 59, 20! 
endergonic, 223 
enzyme-«catalyzed, 102 
exergunic, 223 
fast, 133 
group transfer, 358 
identity, 229, 356 
ion-ion, 410 
ion-neutral molecule, 408 





isergonic, 223 
isoenthalpic, 369 
icosntropic, 369 
main, 237 
Menschulkin, 404, 407, 422 
venti molecule. 405 
spomaneous. 268. 277 
stepwise, 230 
uncatalyzed. 268, 277 
water, 268, 277 
Reaction conc, 365 
Reaction constent, 328 
Reaction coordinate, 192 
motion along, 206 
Reaction coordinate diagram, 192, 209 
Reaction mechanism, 3 
Reaction order, 13 
determination of, 24 
Reaction parameter, 3 
Reaction path, 4 
Reaction rate, 11 
Reactions 
competitive. 59 
concurrent, 62 
consccunve, 39, 06 
parallel, 59, 62 
reversible, 59, 60 
series, 39, 66 
Reaction series, 312 
Reaction site, 313 
Reaction variable, 19, 21, 33, 137, 138, 
140, 147 
Reactivity, 371 
Reuctivity selectivity principle, 371 
Marcus theory and, 375 
Reagert, $, 31$ 
Red shift, 435 
Reduced mass, 189, 294 
Reference frame, rotating, 168 
Reference state, 255 
Regression analysis, 41 
Regression equations, normal, 43, 44 
Regular solution theory, 413 
Relaxation, 136, 157 
onsitudiuel, 161 
nuclear, 160 
spin-lattice, 157, 161, 164 
spin-spin, 159, 163, 165, 167 
transverse, 163 
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Relaxation amplitude, 143 
Relaxation kinetics, €2, 136 
Relaxation speetrim, 140 
Relaxation time, 138, 146 
spin-latice, 158, 161, 164 
spin-soin. 159. 163, 165. 167 
Repulsive force, 393 
Residuals, method of, 73 
Resonance 
nuclear magnetic, 155 
push-pull, 328 
through, 320 
Resonance effect, 323, 325, 338 
Resonance integral, 194 
Reversibility, 116 
microscopic, 125 
Reversible reactions, $9 
simulation of, 113 
Rotating trame, 168, 170 
Rotation, single bond, 174 
Rule of six, 344 
Кипре-Кшша mehou, 107 


Salt effect, 124, 386 
капу, 206, 411 
secondary, 386 

“Saturation factor, 159, 164 

Secondary isotope effect, 208 

Secondary salt effect, 386 

Second-order rate constant, 20 
determination of, 32 

‘Second-order rate equation, 20, 34 

Second. crde reaction, 20 
simulation of, 113 

Secular equation, 90, 92 

Selectivity, УЛ 

Selectivity factor. 373 

Sensitivity coefficient, 225 

Separability postulate, 314 

Series reactions, 59, 66 

Sbelf-life, 18 

Sigmoid curve, 23 

Sigmoid pH-rate profile, 277 

Simple rate equation, 59 

Simulation, analog, 111 
Monte Carlo, 109 

Six number, 344 

Slow fast ambiguity, 68, 72 

Slow passage, 163 
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Sofiness, 8, 361, 426 
Solubility, aqueous, 400 
‘Solubility and wansfer frec energy, 
419 
Solubility equilibrium, 24 
Solubility paramos 415 
Solvation, 401 
change in, 354 
preferential, 403 
selective, 403 
Solvation and polarity, 399 
Solvation energy, 403, 420 
Solvation of anions, 360 
Solvation shell, 403 
Solvatochromie comparison metho! 
439 
Solvatochromic polarity measures, 436 
Solvatochromism. 435 
Solvent cage, 134 
Solvent coordination number, 134, 403 
Solvent ellects. 385, 418 
initial end transition state, 418 
Kinetic measures of, 427 
Solvent ionizing power parameter, 430 
Solvent isotope effects, 272, 300 
Solvent nucleophilivity, 431 
Solvent participation, covalent, 429 
Solvent polarity, 399, 425 
Solvent polarity parameter, 436 
Solvent properties, 389 
Solvent-seperated complex, 152 
Solvent sorting, 404 
Solvent structure, 402 
Subvuphubic interaction, 355 
Solvophobicity parameter. 427 
Sound absorption 


chemical, 145 
classical, 145 
Spetiotemporal hypothesis, 368 
Specific acid cntalysis, 264, 268, 
446 
Specific base catalysis, 264, 208 
Specific rate, 13 
Spectroscopy, 153 
Speed, molecular, 189 
Spin, nuclear. 153 
Spin echo technique, 172 
Spin-tattice reluxation, 157, 161, 164, 
m 
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Spin lattice relaxation time, 158, 161, 
164 
Spin quantum number, 153 
Spin-spin relaxation, 150, 163, 165, 
167 
Эрш piu relaxation time, 159. 103-10, 
167 
Spin system, 157, 159 
Splicing, Zecnian, 159 
Stability study, accelerated, 260 
Stancarc potential, 254, 359 
Starilard reaction, 315 
Standard stare, 253 
selection of, 208 
Starionary-etate hypotlmeiey 101 
Statistical analysis, 40 
Statistical analysis of sohent effects, 
m 
Steady state, 100 
‘Steady-state approximation, 100, 105, 
16 
Stepwise reaction, 230 
Stereopopulition control, 367 
Steric compression, 367 
Steric constant, 335, 342 
Steric effect 
aliphatic, 340, 342 
aromatic, 335 
Sienie requirements, hydrogen and 
deuterium, 299 
Stern-Volmer plot, 181 
Stiff differential equations, 109 
Stochastic simulation, 109 
Stoichiometric coefficients, 11 
Siokex-Finstein equation, 145 
Stopped flow, 179 
Strucnured water, 395 
Structure-teactivity relationships, 311 
Sublimation energy, 403 
Subətituvut, 313 
Substicuent constant, 323 
alkyl group, 341 
clcomephilic, 322 
Hammett, 316 
inductive, 325, 338 
normal, 324 
polar, 339 
Primary, 324 


resonance, 325 





Substituent effects 
aliphatic, 338 
aromatic, 315 
multiple. 332 
reagent, 344 
Dubstituent parameter, 314 
Substitution, 8 
electrophilic, 9 
ücleoph tlc, В 
Substrate, 8, 315 
Surface area, cavity, 395 
Surface tensivn, 391, 395 
Swain-Scott equation, 359 
Symbiotic effect, 360 


Taft equation, 339 
Taylor's series expansion, 40, 49, 
ээг 
‘Temperature effects, 13, 245 
Temperature jump, 143 
Third onler renerien, 54 
Time 
climiration of, 79 
replacement with arca. 81 
Time domain, 170 
Time ratio method, 69, 76 
Time scales, 99, 173 
Titrimetric analysis, 32, 69 
T-jump, 143 
Torque, 160 
Tunneling, 136, 197, 295 
Transfer activity coefficient, 420 
Transfer free cnergy, 418 
Transform. 
inverse, 83 
Laplace, 82 
Fourier, 170 
Trarsiticn, electronic, 435 
nuclear, 154, 157 
Transition state, 3, 5, 193, 201, 205 
attractive, 199 
composition of. 216 
апу, 199, 234 
late, 197, 234 
location of, 220, 224, 235 
loose, 236 
probe of, 351 
productlike, 197 
reactantlike, 199 
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repulsive, 197 
tight, 237 

“Transition stale, microscopic reversibility 

and, 126 

‘Transition state theory, 200 
Ierinocynames ol, 207 

Transmission coefficient, 207 

‘Transverse relaxation, 163 





Ultrasonic absorption, 144 
Uncertainty principle, 158 
Unitary quantities, 255 
Units, 14 
activation energy, 246 
dipole moment, 389 
exergy, 202 
first-order rate constant, 18 
molar, 189 
pressure, 262 
rate constant, 212 
second-order rate constant, 20 
solubility parameter, 417 
third-order rate constant, 27 
Zero-orver rate constant, 17 
‘Univariate least-squares regression, 44 
Univariate linear model, 44, 48 
‘Unweighted regression equations, 44 





Valence bond description, 233 
van der Waals forces, 393 
van der Waals radius, 343 
van't Hoff equation, 143, 257 
Variable, 44 
calculated, 42 
dependent, 42 
independent, 42 
Variable, transformation of, 45 
Variance, 40, 45, 47 
Variance of observations, 47 
Variance of parameters, 46 
Variate, 44 
Variarional method, 195 
Velocity of reaction, 11 
Vibrational energy, zero-point, 294, 
299 
‘Vibrational quantum number, 294 
Volume, activation, 261, 416 
molar, 261 
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Water, structure of, 395 
Weight, 45, 49 
Weighting, 44, 45, 51, 268 


‘Zero-order, pseudo, 23 
Zoro order approximation, 450 
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Zero-orcer rate equation, 34 

Zero-order reaction, 17 

Zeic-point vibictioual eucrgy, 294, 
298 

Zero time, 176 

Hawker Hammett hypotacsis, 455 
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